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Introducción general 
 
 
La acuicultura marina basada en la cría o engorde de organismos acuáticos, representa una 
alternativa para abastecer de pescado a la población mundial, debido a la sobreexplotación y el 
agotamiento de los caladeros de las principales especies comerciales que han conducido a la 
crisis actual que sufren las pesquerías en todo el mundo (Pauly y Christensen, 1995). La 
población mundial se duplicó entre 1960 y 2000 y se estima que llegue a los 7 billones de 
habitantes en el 2012 de acuerdo con la Base de Datos de la Oficina Internacional de Censos 
(IDB). La producción de la pesca de captura cesó de crecer a mediados de la década de 1980, 
fluctuando desde entonces en torno al mismo valor (90-95 millones de toneladas). En cambio, el 
sector acuícola ha incrementado su producción continuamente en los últimos 50 años, con una 
tasa de crecimiento anual de casi el 7 %, compensado los efectos del estancamiento de la 
producción de la pesca de captura y el aumento de la población mundial (Figura 1). 
Dentro del sector acuícola, el engorde y producción de organismos marinos cultivados 
en jaulas flotantes es uno de los segmentos que presenta una mayor tasa de crecimiento a nivel 
mundial, a pesar de ser una práctica relativamente nueva (Tacon y Halwart, 2007). Esta 
información se extrae de estudios realizados a nivel regional ya que no existe información 
estadística oficial sobre el total de la producción mundial o sobre el crecimiento de la 
acuicultura en jaulas en conjunto (Halwart et al., 2007). 
Este tipo de acuicultura intensiva se inició en Noruega en la década de 1970 con el 
surgimiento y desarrollo de la cría de salmón (Beveridge, 2004) expandiéndose rápidamente a 
mediados de la década de 1980 a los países del sur de Europa, especialmente a España y Grecia. 
En el Mediterráneo la producción de la acuicultura en jaulas se ha incrementado 
progresivamente en los últimos 10 años, desde 34.700 toneladas en 1995 hasta 137.000 
toneladas en 2004, con un crecimiento anual promedio del 17 por ciento (FAO/FIDI, 2006). Las 
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principales especies que se cultivan en el Mediterráneo son la lubina (Dicentrarchus labrax) y la 
dorada (Sparus aurata) y según datos de 2004 representan alrededor del  85 % de la producción 
total en jaulas (Cardia y Lovatelli, 2007). El engorde del atún rojo del Atlántico (Thunnus 
thynnus thynnus) en grandes jaulas flotantes es una modalidad reciente dentro de este subsector 
de la industria acuícola. Esta actividad comenzó a desarrollarse a mediados de la década de 
1980 (España), pero la expansión más rápida de este tipo de cultivo se produjo a mediados de 
los años 90. La producción total registrada oficialmente en el Mediterráneo en 2003 fue de 
aproximadamente 19.000 toneladas (FAO/GFCM/ICCAT, 2005). 
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Figura 1. Evolución de la producción (pesca y acuicultura) en el mundo en el periodo 1950-
2006. Plantas marinas no incluidas (FAO, 2008) 
 
El cultivo intensivo en jaulas se realiza actualmente en estructuras de polietileno de alta 
densidad (PEAD) (Foto 1) con una malla de luz de entre 15 y 20 mm para el cultivo de lubina y 
dorada y de alrededor de 100 mm para el cultivo de atunes (Foto 2), lo que permite un flujo 
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continuo de agua a través de la instalación y una descarga continua de nutrientes y materia 
orgánica originados por la actividad del cultivo.  
 
 
 
Foto 1.  Jaulas marinas de polietileno de alta densidad (PEAD) destinadas al cultivo de pescado. 
 
Este tipo de aportes representa una importante fuente de contaminación susceptible de 
causar impactos tanto en la columna de agua como en el bentos, especialmente si el flujo de 
estos compuestos hacia el ambiente supera la capacidad de asimilación de los ecosistemas 
marinos. Por lo tanto, el control de la dispersión de los vertidos acuícolas en el medio marino y 
la evaluación del impacto ambiental de los aportes orgánicos e inorgánicos procedentes de dicha 
actividad representan actualmente uno de los principales retos para el desarrollo de una gestión 
sostenible de la acuicultura, compatible con la conservación de los ecosistemas marinos costeros 
y su biodiversidad (Wu, 1995; GESAMP, 1996; Karakassis, 1998). No obstante, la 
cuantificación de los efectos de la acuicultura en los ecosistemas marinos costeros, y el 
desarrollo de las herramientas adecuadas para su evaluación en el espacio y en el tiempo, son 
problemas que no han sido todavía resueltos de forma eficaz y práctica.   
 Introducción general 
 
20 
       
 
 
Foto 2.  A la izquierda, detalle de red de una jaula de cultivo de dorada. A la derecha, 
detalle de red de una jaula de engorde de atún. 
 
 
Vertidos derivados de la acuicultura en jaulas 
 
La principal entrada de nutrientes y materia orgánica en el medio se produce durante de el 
proceso de alimentación y a través de los desechos generados por el metabolismo de los peces 
cultivados (Figura 2). Los nutrientes y la materia orgánica procedentes de estos procesos pueden 
liberarse al medio tanto en forma disuelta como particulada siendo, como norma general, el 
sedimento el recipiente principal del desecho particulado y la columna de agua el recipiente para 
el desecho soluble y material particulado más fino, aunque existe intercambio de materia entre 
el sedimento y la columna de agua mediante procesos de remineralización y resuspensión.  
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Figura 2. Destino de los vertidos procedentes de la acuicultura en las inmediaciones  
de una granja marina 
 
La fracción disuelta en forma de compuestos nitrogenados representa la parte más 
importante del vertido derivado del metabolismo de los peces cultivados (Tabla 1) (Islam, 2005; 
Roque d´Orbcastel  et al., 2008; Merino et al., 2007). En el caso del cultivo de túnidos esta 
fracción disuelta es especialmente importante debido a que los atunes son engordados a base de 
pescado fresco o descongelado y a que presentan una tasa de conversión de alimento (FCR)1 
elevada (FCR: 7.68; Aguado et al., 2006), en comparación con la de dorada o lubina  (FRC: 1.5- 
                                                 
1 El factor de conversión de alimento (FCR) representa la eficiencia de utilización del alimento y queda 
definido como la razón entre la cantidad de alimento suministrado y el crecimiento en peso del individuo. 
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2.5; Lupatsch y Kissil, 1998). La particular fisiología de esta especie (endotérmica y nadadora 
continua) y su comportamiento tanto alimentario como reproductor (largas migraciones) hace 
que tenga una gran demanda energética (suministrada principalmente por el metabolismo de 
proteínas) y una baja eficiencia de conversión de alimento ya que la mayor parte de la energía es 
usada para mantenimiento y solo una parte pequeña se invierte en crecimiento (Graham y 
Dickson, 2001; Korsmeyer y Dewar, 2001).  
 
Tabla 1. Comparación de los vertidos diarios de N total y P total (mg nutrientes kg pescado-1 día-1) 
derivados del metabolismo de dorada (Sparus aurata), lubina (Dicentrarchus labrax) y atún (Tunnus 
thynnus thynnus). 
 
 
 
N 
particulado 
N 
disuelto 
P 
particulado 
P 
disuelto Referencias 
Sparus aurata 51.6 182.4 31.3 11.3 Lupatsch y Kissil (1998) 
Dicentrarchus labrax 62.3 382.9 21.6 14.4 Lemarié et al., (1998) 
Thunnus thynnus 
thynnus 49.4 694.2 70.0 51.7 
Aguado et al., 
(2006) 
 
 
La fracción de mayor tamaño del material particulado de los efluentes acuícolas sedimenta y se 
acumula en el sedimento dentro de un área prácticamente circunscrita a la superficie ocupada 
por las jaulas de cultivo o, como mucho, hasta pocos cientos de metros desde el perímetro de las 
mismas (e.g. Cromey et al., 2002). Las poblaciones de peces salvajes concentradas fuera de las 
jaulas, junto con los procesos de resuspensión del sedimento, pueden contribuir a dispersar el 
material particulado a distancias mayores que las predichas por modelos numéricos basados en 
el tamaño de las partículas y su densidad (Sarà et al., 2004; Fernández-Jover et al., 2007). La 
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fracción disuelta y el material particulado más fino suspendido en la columna de agua es 
transportado hasta distancias mucho mayores, del orden de kilómetros (Tsapakis et al., 2006; 
Dolenec et al., 2007; Sarà, 2007). La extensión de la dispersión de las diferentes fracciones del 
vertido dependerá de las características del cultivo (producción, especies, alimentación, etc.), 
del efluente resultante y del régimen local de corrientes, así como de la época del año, 
liberándose cantidades mayores en los meses de verano debido a que las tasas de alimentación 
son más altas en esta época (Sarà et al., 2006; Roque d´Orbcastel y Blancheton, 2006; 
Aquatreat, 2007). 
 
Impactos de los vertidos de la acuicultura en jaulas  
 
Entre los impactos más destacados asociados con los vertidos procedentes de la 
acuicultura cabe mencionar la eutrofización, la anoxificación de los sedimentos y la alteración 
de la estructura y funcionamiento de las comunidades biológicas (Chua, 1992; Wu et al., 1995; 
Samocha y Lawrence, 1997; Karakassis, 2000; Holmer et al., 2008). Los ambientes marinos 
costeros del Mediterráneo se caracterizan por el marcado carácter oligotrófico, e incluso 
ultraoligotrófico, de sus aguas (Margalef, 1989). Es previsible, por tanto, que las comunidades 
biológicas estrechamente adaptadas a tales condiciones sean especialmente vulnerables a los 
cambios ambientales causados por el incremento de las concentraciones de nutrientes y de 
materia orgánica en el medio. Dichos cambios ocurren de forma especialmente intensa en los 
sedimentos bajo las jaulas e inmediaciones de las mismas causando alteraciones significativas 
en las comunidades microbianas (Vezzulli et al., 2002), en la infauna (Karakassis et al., 2000; 
Mirto et al., 2002) y en las angiospermas marinas (Delgado et al., 1997; Ruiz et al., 2001; 
Cancemi et al., 2003; Apostolaki et al., 2009) asociadas a ambientes marinos costeros del 
Mediterráneo.    
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Las praderas de fanerógamas marinas, y en particular las de Posidonia oceanica en el 
Mediterráneo, son un claro ejemplo de ecosistemas sensibles al impacto de los vertidos de 
granjas marinas en el medio. De hecho, numerosos trabajos han documentado la alteración y 
regresión de praderas de P. oceanica bajo la influencia de los vertidos orgánicos de granjas 
marinas (Delgado et al., 1999; Pergent et al., 1999; Ruiz et al., 2001; Invers et al., 2003, 
Cancemi et al., 2003, Homer et al., 2008; Apostolaki et al., 2009) (Foto 3).  
 
 
 
Foto 3. Pradera de Posidonia oceanica en buenas condiciones ambientales vs pradera expuesta a 
vertidos de instalaciones de acuicultura. Foto: Enrique Ballesteros. 
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Los vertidos de las granjas marinas modifican las características de la columna de agua 
y del sedimento (e.g. Holmer et al., 2007), lo que puede alterar la estructura de las praderas y 
comprometer la supervivencia de las mismas a través del incremento de la carga de epífitos y de 
la presión de herbívoros (Delgado et al., 1997; Ruiz et al., 2001, Leoni et al., 2006) o de la 
alteración del metabolismo de la planta (Pérez et al., 2007; Frederiksen et al., 2008; Pérez et al., 
2008).  
La indiscutible importancia ecológica y económica de ésta y otras comunidades de 
elevada sensibilidad ecológica, ha motivado que el control de la dispersión de los aportes 
orgánicos de las granjas marinas en el ecosistema marino costero sea actualmente una de las 
principales preocupaciones por parte de técnicos y gestores responsables de la ordenación de 
esta actividad en el litoral (SGPM 2001). La mayoría de los impactos documentados en praderas 
de Posidonia oceanica se han producido en ambientes someros con cierto grado de protección, 
donde la dispersión de los vertidos es limitada y la sedimentación del material particulado es 
especialmente intensa. Por esta razón, durante la década de los 1990 la mayor parte de las 
instalaciones acuícolas han sido progresivamente trasladadas a ambientes más profundos y 
alejados de la costa (acuicultura off-shore) donde las condiciones hidrodinámicas facilitan una 
mayor dispersión del vertido y, supuestamente un menor impacto sobre las comunidades 
bentónicas (Basurco y Larrazabal, 2000; Maldonado et al., 2005). No obstante, la capacidad 
para caracterizar y cuantificar la dispersión de los vertidos acuícolas en estos ambientes más 
dispersivos es más limitada debido a la elevada variabilidad espacio-temporal del 
comportamiento de los nutrientes en la columna del agua, así como a la menor accesibilidad y 
disponibilidad de bioindicadores en estas zonas más profundas. De hecho, prácticamente todos 
los estudios realizados en la columna de agua en sitios con suficiente circulación de agua, no 
detectan cambios en la concentración de nutrientes o detectan un aumento localizado de 
nutrientes o materia orgánica particulada en la columna de agua (Nordvarg y Johansson, 2002; 
Soto y Norambuena, 2004). Solo en algunas piscifactorías localizadas en bahías cerradas o sitios 
muy someros, varios autores encontraron aumentos en la turbidez alrededor de las jaulas, entre 
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otros efectos, debido a una alta densidad de fitoplancton y el desarrollo bacteriano (Pitta et al., 
1999; Karakassis et al., 2001; Sakami et al., 2003). La aparente ausencia de nutrientes en la 
columna de agua alrededor de las piscifactorías ha sido atribuida a una rápida dilución o 
dispersión de los nutrientes (Pitta et al., 2006) y a una rápida transición hacia niveles más altos 
de la cadena trófica, llevando a un aumento tanto en la abundancia de peces salvajes alrededor 
de piscifactorías (Machias et al., 2004, 2005) como en la producción general de las pesquerías 
en el área (Machias et al., 2006). Sin embargo, estos resultados pueden estar más relacionados 
con la capacidad limitada de los métodos e indicadores empleados tradicionalmente en la 
evaluación de la dispersión de los vertidos acuícolas, más que con la ausencia de nutrientes 
procedentes de dichos vertidos en el medio tal y como indican un número cada vez mayor de 
estudios basados en el empleo de diferentes tipos de bioindicadores (e.g. Dalsgaard y Krause-
Jensen, 2006; Lin y Fong et al., 2008).  
 
Uso de bioindicadores  
 
Como se ha comentado anteriormente, las técnicas analíticas estándar que usan variables físico-
químicas para el seguimiento de la calidad de las aguas alrededor de cultivos marinos en jaulas 
proporcionan generalmente muy poca información sobre la calidad ambiental de las aguas a 
causa de la variabilidad espacial y temporal asociada con estas medidas (Lyngby, 1990; 
Wolanski et al., 2000; Karakassis et al., 2001). Por este motivo, en los últimos años se ha 
fomentado el uso de bioindicadores, es decir, especies o comunidades de organismos cuya 
presencia, comportamiento o estado fisiológico presenta una estrecha correlación con 
determinadas circunstancias del entorno, con el fin de evaluar la calidad de las aguas alrededor 
de cultivos marinos en jaulas.  
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El empleo de organismos bentónicos como indicadores de la influencia de la actividad 
humana sobre el medio representa una alternativa adecuada y eficaz al uso de métodos más 
tradicionales. Cambios en la abundancia de determinados taxones y en especies de fauna se 
miden rutinariamente para ser expresados en forma de índices biológicos, los cuales se aplican 
extensivamente para evaluar la respuesta de las comunidades bentónicas a los impactos de los 
vertidos orgánicos de la acuicultura (e.g. Borja et al., 2000; Simboura y Zenetos, 2002; Aguado 
et al., 2007). Sin embargo, su aplicación es costosa en tiempo y dinero debido al difícil acceso al 
sitio de muestreo (requiere empleo de dragas) y a la separación y clasificación taxonómica de 
las muestras. Además, la información aportada se limita a un estado de alteración tardío y no es 
del todo coherente entre los diferentes índices biológicos empleados. Por otra parte, el uso de 
macrófitos bentónicos (algas y angiospermas marinas) como indicadores de la influencia de 
vertidos derivados de actividades humanas no se lleva actualmente a cabo de forma rutinaria, 
aunque se están empezando a utilizar para la evaluación del estado de las aguas costeras en 
cumplimiento de la Directiva Marco del Agua (DMA 2000/60/EC) (Panayotidis et al., 2004; 
Ballesteros et al., 2007; Romero et al., 2007). Los macrófitos bentónicos son considerados 
excelentes indicadores debido a su capacidad de obtener y asimilar nutrientes, a su larga vida 
(en contraste con el fitoplancton, por ejemplo, así la evidencia permanece más tiempo en el 
sistema), así como por el amplio conocimiento documentado sobre los efectos de estos 
nutrientes en su distribución, estructura y fisiología (Lyngby, 1990; Alamoudi, 1994; Horrocks 
et al., 1995; Udy y Dennison, 1997; Jones et al., 2001).  
Sin embargo, la distribución limitada y heterogénea de las poblaciones de macrófitos 
bentónicos impide su empleo como bioindicadores en zonas profundas y sobre amplias escalas 
espaciales. Esta limitación ha sido superada mediante el empleo de los macrófitos a modo de 
bioensayos activos (Costanzo et al., 2001; Dalsgaard y Krause-Jensen 2006), en los que se ha 
demostrado que el análisis de tejidos de macrófitos incubados durante cortos periodos de tiempo 
(días) es capaz de aportar información fiable sobre la forma y extensión de los gradientes de 
nutrientes originados por fuentes antropogénicas. Sin embargo, en determinadas circunstancias 
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la relación entre los ‘pools’ internos de la planta y el régimen externo de nutrientes no es 
directa, bien debido a un efecto de dilución por el crecimiento del tejido vegetal o bien por la 
existencia de varias fuentes diferentes de aportes de nutrientes al medio, puntuales o difusas. 
Esta dificultad se ha visto solventada, para el caso del nitrógeno,  por el empleo de isótopos 
estables del N, que permiten identificar en los macrófitos la influencia de N procedente de 
fuentes específicas.  
El uso de la señal δ15N medida en tejidos de macrófitos para identificar fuentes de 
nitrógeno está basado en el hecho de que diferentes fuentes de nitrógeno tienen distinta 
composición isotópica (Tabla 2) (Heaton, 1986), y en la habilidad conocida de los macrófitos de 
tomar, asimilar y almacenar los nutrientes en exceso del medio (Lyngby et al., 1990). En 
condiciones naturales, la señal isotópica de los tejidos de algas y angiospermas marinas se 
aproxima a cero ya que el N disponible es de origen atmosférico. Los aportes de fertilizantes 
químicos (i.e. utilizados en agricultura) al medio marino costero no causan una desviación de 
estos valores pues también son de origen atmosférico. Por el contrario, los aportes orgánicos de 
origen animal (vertidos urbanos y acuícolas) se reflejan en un aumento de la señal isotópica de 
los tejidos de macroalgas, fanerógamas y manglares (Wada et al., 1987; Grice et al., 1996; Udy 
and Dennison, 1997). Estos elevados valores no son tanto debidos a la señal isotópica de las 
fuentes (excrementos animales) sino más bien a los procesos de fraccionamiento isotópico que 
experimenta el N de dichas fuentes en el medio (Fry, 2006). Efectivamente, la elevada señal 
isotópica del pool de N de vertidos urbanos se debe a la pérdida del isótopo ligero del sistema 
en los procesos de volatilización del amonio y subsiguiente nitrificación (Lahjta y Michener 
1994; Cole et al. 2005). Estos procesos de fraccionamiento isotópico también explican el 
incremento de δ15N entre 3 y 4 ‰ entre niveles tróficos (Hobson et al., 1996), circunstancia que 
se ha aprovechado para determinar la posición trófica de los organismos que forman parte de 
una comunidad determinada.    
Así pues, la combinación de macrófitos, bioensayos y análisis de los isótopos estables 
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del N ha demostrado ser una herramienta poderosa y eficaz para caracterizar gradientes 
espaciales de nutrientes asociados a vertidos de aguas residuales urbanas en ambientes marinos 
costeros (Costanzo et al., 2001; Deutsch y Voss, 2006).  Sin embargo, a pesar del enorme 
potencial de este tipo de aproximaciones metodológicas, su desarrollo y aplicación para 
determinar el alcance espacial de los vertidos de la acuicultura ha recibido escasa atención hasta 
el momento (Lin y Fong, 2008).  
 
Tabla 2. Rango de valores de δ15N para las fuentes más comunes de compuestos 
nitrogenados en el medio hídrico.  
 
 
δ15N (‰) Origen de los compuestos nitrogenados 
0 N2 atmosférico 
1-2.5 Fertilizantes químicos 
9-14 Aguas Residuales 
9-11 Residuos acuícolas 
10-30 Residuos Ganaderos 
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Objetivos y estructura de la tesis  
 
El objetivo principal de esta tesis ha sido el desarrollo de herramientas adecuadas que 
permitan estimar el alcance espacial de los vertidos procedentes de las granjas marinas flotantes 
dedicadas al cultivo de peces, basadas en la utilización de los macrófitos bentónicos 
(macroalgas y fanerógamas) como indicadores del régimen de nutrientes del medio. El ámbito 
de estudio son zonas costeras abiertas, altamente dispersivas, donde el tiempo de residencia de 
los nutrientes en el agua es muy escaso, y donde se está concentrando la actividad de la industria 
acuícola en la última década. Los trabajos presentados en esta tesis surgen de dos proyectos de 
investigación cuyos objetivos coinciden en parte con los de esta tesis. El primero de ellos, el 
proyecto MEDVEG (2001-2004) del V Programa Marco de la UE, analizó el efecto de los 
vertidos de granjas marinas en praderas de Posidonia oceánica en el mediterráneo con el fin de 
obtener herramientas adecuadas para el monitoreo y gestión de estos ecosistemas. El segundo, 
un  proyecto del Plan Nacional de Cultivos Marinos (JACUMAR, 2004-2007), tuvo como 
objetivo el desarrollo de herramientas que permitieran cuantificar el alcance espacial de los 
vertidos procedentes de las granjas marinas flotantes mediante el análisis de δ15N en macrófitos.  
Así, esta tesis se estructura en dos partes. En la primera parte se estudiaron las 
respuestas fisiológicas de las fanerógamas marinas Posidonia oceanica y Cymodocea nodosa, 
en praderas naturales expuestas a los vertidos procedentes de granjas marinas con el fin de 
evaluar las variables con mayor potencial como indicadoras de los aportes de nutrientes a estos 
ecosistemas (Capítulos I y II). En la segunda parte se desarrolló y  aplicó un método para 
evaluar el alcance espacial de los aportes de la acuicultura en la columna de agua en ecosistemas 
costeros oligotróficos mediante el análisis del δ15N en macrófitos (Capítulos III, IV y V).  
En el capítulo I se evalúan una serie de descriptores a nivel fisiológico en la 
fanerógama marina Posidonia oceánica para detectar los efectos de aportes de la acuicultura en 
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este ecosistema. Las fanerógamas marinas son comunidades de amplia distribución en el mar 
mediterráneo y Canarias (i.e. en mares templados oligotróficos) y muy sensibles a impactos de 
origen antrópico, por tanto, variaciones en la fisiología de la planta podrían ser idóneos 
bioindicadores para evaluar el impacto de la acuicultura. Este estudio pone en evidencia el 
potencial de la señal isotópica del N, especialmente en el compartimento de epífitos, como 
bioindicador de la llegada de nitrógeno procedente de las granjas marinas a estos ecosistemas. 
En el capítulo II se profundiza sobre el efecto de los vertidos acuícolas en la variabilidad de la 
señal isotópica del N y del N total en los epífitos y en diferentes compartimentos de la 
fanerógama (hojas, rizomas y raíces). El contenido total de N (%N) en los tejidos de macrófitos 
bentónicos ha sido tradicionalmente utilizado como indicador de la disponibilidad de nutrientes 
en el medio. El objetivo de este capítulo es comparar la sensibilidad de ambos indicadores en 
diferentes compartimentos del ecosistema respecto a los cambios externos del régimen de 
nutrientes. 
A pesar de que las algas y las praderas de angiospermas marinas se encuentran 
ampliamente distribuidas por todas las zonas costeras del mundo, su distribución a escala local 
es heterogénea y limitada por la profundidad. De esta forma su empleo como indicadores a lo 
largo de gradientes de nutrientes originados por la actividad antrópica (acuicultura en este caso) 
no es posible en algunos casos. Para tratar de solventar este problema, en el capítulo III de esta 
tesis se desarrolla una técnica basada en bioensayos con macrófitos bentónicos, aplicada por 
primera vez a los vertidos de granjas marinas en jaulas flotantes y situadas en zonas costeras 
abiertas y profundas, desprovistas de vegetación. En este capítulo se evalúan una serie de 
factores que pueden afectar a nuestra herramienta de análisis (δ15N en macrófitos) tales como la  
especie de alga utilizada, la profundidad y el tiempo de incubación de los bioensayos. En el 
capítulo IV se aplica el método en base a los resultados del capítulo anterior y se aumenta el 
grado de resolución espacial para la caracterización de los gradientes de dispersión de los 
nutrientes desde las jaulas de cultivo. Por último, el capítulo V comprueba experimentalmente 
la eficacia del análisis de δ15N en los tejidos de macroalgas cómo bioindicador del N procedente 
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de vertidos de la acuicultura. Para ello se evalúa la influencia del ratio de δ15N y de la 
concentración de N del agua de mar y la influencia de factores ambientales, como la 
disponibilidad de luz, en el fraccionamiento isotópico de Cystoseira mediterranea con el fin de 
obtener información cerca de la capacidad de este macroalga de reflejar la señal isotópica del 
medio en el que se encuentra. 
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Respuestas fisiológicas de la fanerógama marina Posidonia 
oceanica como indicadoras del impacto de granjas marinas 
 
 
Resumen  
 
El desarrollo de la acuicultura a lo largo de la costa del mar Mediterráneo degrada el medio 
marino, en particular las praderas de Posidonia oceanica, las cuales, en casos extremos, 
muestran una alta mortalidad. En este artículo estudiamos los efectos de la entrada de materia 
orgánica y de nutrientes derivados de los vertidos de tres granjas marinas, localizadas a lo largo 
de la costa mediterránea, en la fisiología de P. oceanica. Para ello medimos variables 
fisiológicas tales como el contenido total de nitrógeno (N), la concentración y composición de 
aminoácidos libres (FAA), los ratios del isótopo estable del nitrógeno (δ15N), el contenido total 
de fósforo (P) y el contenido total de carbohidratos no estructurales (TNC) en los tejidos y 
epífitos de plantas afectadas por las descargas orgánicas (estaciones altamente impactadas: HI, y 
estaciones ligeramente impactadas : LI) y comparamos estos resultados con aquellos obtenidos 
en sitios de referencia (estaciones control: C). Los valores obtenidos en las inmediaciones de las 
granjas en todos los descriptores analizados en los epífitos de P. oceanica fueron en general, 
mucho mayores que aquellos obtenidos en los sitios control. Las hojas no respondieron 
consistentemente en ningún caso. El contenido total de N y el δ N15 en epífitos, junto con el 
contenido total de P en rizomas y epífitos fueron los descriptores fisiológicos que mostraron una 
respuesta más consistente a los vertidos de granjas marinas. En base a nuestras observaciones 
podemos afirmar que las actividades de las granjas marinas afectan severamente a los 
parámetros fisiológicos de las praderas de P. oceanica cercanas a las instalaciones de granjas 
marinas. Por lo tanto, podemos concluir que los cambios en estos parámetros fisiológicos 
podrían ser buenos indicadores de la degradación ambiental marina en estudios que monitoricen 
los efectos de los vertidos procedentes de la acuicultura.  
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Abstract 
 
The development of aquaculture along the Mediterranean coastline degrades the marine 
environment, in particular Posidonia oceanica meadows, which, in extreme cases, show high 
mortality. Here we studied the effects of organic matter and nutrient input from the effluents of 
three fish farms, located along the Mediterranean coast, on P. oceanica physiology. For this 
purpose, we measured physiological variables such as total nitrogen (N) content, free amino 
acid (FAA) concentration and composition, N stable isotope ratio (δ15N), total phosphorus (P) 
content and total non-structural carbohydrate (TNC) content in plant tissues and epiphytes 
affected by organic discharges (highly impacted stations: HI, and less impacted stations: LI) and 
compared these results with those obtained in references sites (control stations: C). For all the 
descriptors analyzed in P. oceanica epiphytes, the values recorded in the vicinity of cages were, 
in general, much higher than those in C. Leaves did not respond consistently in any case. Total 
N content and δ N15 in epiphytes together with the total P content in rhizomes and epiphytes 
were the physiological descriptors that showed the most consistent responses to fish-farm 
effluents. On the basis of these observations, we conclude that fish-farm activities strongly 
affect the physiological parameters of nearby P. oceanica meadows. We propose that changes in 
these physiological parameters may be useful indicators of marine environmental degradation in 
studies that monitor the effects of fish farming.  
____________________________________________________________________________
Keywords: Posidonia oceanica; Mediterranean Sea; Fish farm; Bioindicators; Physiology; 
Epiphytes. 
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Introduction 
 
Aquaculture is an expanding industry in many parts of the world and currently accounts for 
almost 50 percent of the world’s fish production. It has been predicted that by 2030 aquaculture 
production will have to increase by at least 40 million tons in order to cover the global demand 
for seafood. A contrasting scenario is that faced by most wild fisheries, which are at their 
maximum level of sustainable exploitation (UNEP, 2002; Subasinghe, 2004; FAO, 2006). 
Marine aquaculture developed in floating cages in open water accounts for a significant part of 
total aquaculture production. In particular, in the Mediterranean Sea, this activity grew 
exponentially throughout the 90s (Basurco and Lovatelli, 2003). This rapid expansion, now 
somewhat stabilized, makes this industry a potential environmental risk in marine coastal 
ecosystems because of the nutrients and organic matter released into the environment. 
Consequently, methods and strategies to evaluate the effects of the fish farm waste on the 
ecosystem are required (Chua, 1992; Wu et al., 1995; Karakassis, 2001; Pergent-Martini et al., 
2006).  
Several studies have reported that the effluents (uneaten fish food, fecal pellets) from 
fish farms affect the environmental conditions of the water column and the sediment around the 
cages, especially in intensive cultures of carnivorous fish, which require large amounts of 
manufactured feed (Wu et al., 1994, Dalsgaard and Krause-Jensen, 2006, Holmer et al., 2007).  
In the water column, fish farm effluents can stimulate phytoplankton and bacterial 
development and hence reduce column transparency (Guo and Li, 2003; Sakami et al., 2003). 
However, most surveys report little deterioration of water column characteristics in sites with 
high water circulation and vigorous tidal flushing (Nordvarg and Johansson, 2002; Soto and 
Norambuena, 2004; Sarà, 2007). In the Mediterranean Sea, the water quality around fish farms 
appears to be relatively unaffected, showing localized or no effects of dissolved wastes on most 
of the variables studied to date (Pitta et al., 1999; La Rosa et al., 2002; Maldonado et al., 2005). 
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This lack of effect can be attributed to fast dilution (Pitta et al., 2006) and to the rapid transition 
of nutrients through the food web from phytoplankton upwards (Machias et al., 2004, 2005). At 
large spatial and temporal scales, it has been reported that the effects of fish farms on water 
quality are not relevant (Karakassis et al., 2005; Pitta et al., 2005). 
In contrast, the impact of fish farms on benthic ecosystems are far more severe, 
resulting in organic enrichment of sediments (Karakassis et al., 1998; Sarà et al., 2004; Holmer 
et al., 2005), which enhances bacterial activity (La Rosa et al., 2001; Vezzuli et al., 2002) and, 
in particular anaerobic activity, which leads to reduced sediments (Holmer and Kristensen, 
1992; Holmer and Frederiksen, 2007). A decrease in diversity has also been found in meiofauna 
communities (Mazzola et al., 2000; Mirto et al., 2002), but no negative effects have been 
detected in macrofauna communities associated with Posidonia oceanica meadows (Apostolaki 
et al., 2007).  
The effects of fish farms on benthic primary producers, especially seagrass, are also 
widely reported (see reviews in Holmer et al., 2003 and Pergent-Martini et al., 2006). The shade 
cast by the cages used in aquaculture and the accumulation of organic waste on the seabed 
significantly reduces the density of P. oceanica shoots to such an extent that they are absent in 
the vicinity of these cages (Dimech et al., 2000; Ruiz and Romero, 2001; Cancemi et al., 2003). 
Furthermore, the organic enrichment around the cages can increase epiphytic growth and 
herbivore pressure (Delgado et al., 1997; Pergent et al., 1999), thereby limiting photosynthesis 
of seagrass and hence reducing non structural-carbohydrate pools (Ruiz et al., 2001). Finally, 
fish farm effluents can lead to an increase in nutrient availability in the sediment porewater and 
to elevated sulfide concentrations in the root zone, which are among the main factors that 
negatively affect seagrass health and survival (Pérez et al., 2007).  
The release of nutrients from fish farms has traditionally been monitored by measuring 
physical or chemical variables. However, this approach provides little information about 
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environmental quality (Lyngby, 1990) because of the spatial and temporal variability associated 
with these measures (Wolanski et al., 2000; Karakassis et al., 2001). In addition, changes in 
physical and chemical variables are detectable only close to the discharge point (Samocha and 
Lawrence 1997), while the biological influence of effluents can extend much further (Jones et 
al., 2001). Biological indicators integrate short-lived nutrient pulses and provide information 
about the nutrient source, and the bioavailability of the nutrients. In this regard, the present 
tendency is to apply assessment and environmental monitoring methods of coastal systems that 
combine traditional techniques of water quality analysis (physical-chemical variables) with 
newly developed biological indicators (Costanzo et al., 2001; Dalsgaard and Krause-Jensen, 
2006). 
Marine macrophytes can provide information about the ecological impact of 
anthropogenic nutrient inputs (Udy and Dennison, 1997; Lyngby et al., 1999; Cole et al., 2005). 
Studies on seagrass response to specific impacts describe a wide range of variables to assess 
plant health status, and several can be used as bioindicators of fish farm impact. For example, 
reductions in distribution area, cover and density, decrease in shoot size, appearance of necrosis 
in leaves (Dimech et al., 2000; Cancemi et al., 2003), reductions in vertical rhizome growth 
(Marbà et al., 2006) and changes in epiphyte load (Frankovich and Fourqurean, 1997) have been 
tested as indicators of stress in P. oceanica meadows and used in monitoring programs. Plants 
exposed to high nutrient loads also show physiological changes, such as increases in tissue 
nutrient content, alterations in free amino acid content and composition, decreases in carbon 
reserves, and variations in the nitrogen stable isotope ratio and trace metal content, among 
others (Udy and Dennison, 1997; Pergent-Martini, 1999; Invers et al., 2004; Vizzini and 
Mazzola, 2004; Pérez et al., 2007). 
Here we examined the physiological response of P. oceanica to an increase in nutrient 
availability as a result of fish farm effluents. For this purpose, several physiological descriptors 
were measured in P. oceanica meadows at a range of distances from fish farm facilities in three 
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localities in the Mediterranean Sea (Italy, Greece and Spain). The descriptors were: total 
nitrogen (N) content, free amino acid (FAA) concentration and composition, N stable isotope 
ratio (δ15N), total phosphorus (P) content and total non-structural carbohydrate (TNC) content in 
epiphytes and seagrass tissues. Here we report on the capacity of each descriptor to respond to 
nutrient inputs from fish cages and evaluate their usefulness as early indicators of marine 
environmental degradation caused by aquaculture activities. 
  
Materials and Methods 
 
Study sites and sampling design 
 
The study was conducted in three fish farms located in Greece, Italy and Spain (Figure 1). All 
the farms are situated in exposed areas with high water exchange and all have a relatively deep 
bottom (from 18 to 27 m, Table 1). The main species cultured were gilthead bream (Sparus 
aurata) and sea bass (Dicentrachus labrax), which were fed manually with dry pellets. In all 
cases, the seabed under the cages presented dead P. oceanica rhizomes, which indicated the 
presence of a meadow before fish farm activity began, as confirmed by local researchers 
(Karakassis and Tsapakis, pers. com.; Sánchez-Lizaso, pers. com.). 
Sampling campaigns were conducted in September 2002 in Italy, in June 2003 in Greece and in 
September 2003 in Spain, coinciding with the seasons of maximum activity in the farms and 
therefore high waste release. In each fish farm, three sampling stations distributed along a 
transect in a downstream direction were selected in areas covered by P. oceanica but at a range 
of distances from the source of farm effluent: i) the sampling station with highest influence (HI) 
of effluents was in the meadow closest to the farm (5-15 m from net cages); ii) a less affected 
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station (LI) was placed further from the farm  (30-40 m from net cages); and iii) the control 
station (C) was located in an area far enough (around 1000 m) from the farm to be considered 
not influenced by effluents (Ruiz et al., 2001). The depth of the sampling stations was kept 
constant or within a narrow range at each sampling site.  
 
 
 
Figure 1. Location of the three fish farms in the Mediterranean. 
 
Sampling and plant processing 
At each selected station, SCUBA divers collected three samples with a 17-cm diameter core 
from P. oceanica patches. For each sample, we separated shoots, live rhizomes and live roots. 
The leaves of each shoot were separated and only young leaves (0-50 days old) were kept for 
analysis. Epiphytes were gently removed from the leaves with a razor blade and kept for 
analyses. Epiphytes and the rest of the plant material (young leaves, rhizomes and roots) were 
dried at 70ºC until constant weight (24-48 h) and ground to a fine powder using an agate mortar 
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and pestle. Dry samples were preserved in a desiccator at room temperature until analyses for 
total N and P content (in young leaves, epiphytes, rhizomes and roots), δ15N (in young leaves 
and epiphytes) and TNC (in rhizomes and roots). A subsample of rhizomes and roots were kept 
frozen (-70ºC) for FAA analysis.  
 
Table 1. Site and characteristics of the three fish farms.  
 
Site Location Start of operation 
Depth 
(m) 
Fish prod. 
(t y-1) 
Nº of net 
cages 
Italy Pachino bay, Sicily 1992 23-34 1150 24 
Greece Cape Sounion 1996 15-20 400 20 
Spain El Campello, Alicante 1996 26-28 260 24 
 
Production is given as tons of fresh weight per year. 
 
 
Analytical procedures 
Total N content (% DW) in epiphytes, young leaves, rhizomes and roots was measured using a 
Carlo-Erba CNH elemental autoanalyzer.  
For FAA determination, frozen tissues from rhizomes and roots were ground in 20 ml of 
40.05N HCl and then centrifuged for 5 min at 10,000 rpm. The supernatant was filtered in a 
microcentrifuge using low-binding regenerated cellulose Millipore ultra-free filters to exclude 
peptides with molecular masses greater than 10kDa. FAA content was measured using an amino 
acid autoanalyzer via ionic exchange chromatography, following the method of Spackman et al. 
(1958).  
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For δ15N analysis, pulverized young leaves and epiphytes were encapsulated. δ15N was 
determined using a Finnigan Mat Series IRMS analyzer in continuous flow configuration with 
an analytical error always less than 0.2 ‰. Isotopic data were reported in common delta (δ) 
units referred to atmospheric nitrogen standards (N2) using the following equation (Peterson and 
Fry, 1987):  
δ15N (‰) = (Rsample / Rstandard) – 1) x 103                   
 where, R = 15N / 14N 
Total P content (% DW) in epiphytes, young leaves, rhizomes and roots was determined 
by a dry-oxidation acid hydrolysis extraction followed by a colorimetric analysis of phosphate 
concentration of the extract (Fourqurean et al., 1992).  
TNC content was measured in rhizomes and roots following the method described in 
Alcoverro et al. (1999), based on Yemm and Williams (1954). Sugars (sucrose and hexoses) 
were solubilized from dry and ground tissues by four sequential extractions in 95% (v/v) 
ethanol at 80 ºC for 15 min. The ethanol extracts were evaporated under a stream of air at room 
temperature and the residues dissolved in deionized water for analysis. Starch was extracted 
from the ethanol-insoluble residue by keeping it for 24 h in 1N NaOH. Sugar and starch 
contents of extracts were determined spectrophotometrically using a resorcinol and anthrone 
assay, respectively, with sucrose as standard. Results are expressed in % of dry weight of 
sucrose and starch. 
Statistical analysis 
For each variable, three replicates were analyzed and means and standard errors were 
calculated. The significance of differences in P. oceanica tissues and epiphytes between stations 
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(factor ‘zone’) was tested using one-way analysis of variance (ANOVA) for total N and P 
content in epiphytes, young leaves, rhizomes and roots; for TNC content and FAA 
concentration in rhizomes and roots; and for the δ15N in young leaves and epiphytes.  
 
Results 
 
 
Total nitrogen (N) content 
Total N content in the plant tissues and in epiphytes showed a significant increase towards the 
cages in all the sites and fractions analyzed except in young leaves collected from farms in Italy 
and Spain and rhizomes and roots from Italy (Figure 2 and Table 2). 
Epiphyte N content showed a significant increase in all the sites, although the highest 
effect was in Italy (the largest fish farm), which registered a 3-fold increase above the C value. 
The lowest value for this parameter was found in Spain (the deepest fish farm), which showed a 
1.2-fold increase above the value recorded in C. Among the diverse tissues analyzed, the 
greatest response to effluents from fish farms was for rhizomes, which showed a significant 
increase in N content, with between 2- and 3.5-fold higher values near the farm compared to C 
sites in Spain and Greece respectively. Roots had the lowest N content of all the fractions and 
were between 1.2- and 1.5-fold higher than that recorded in C in Greece and Spain. Young 
leaves showed a significant response (1.3 fold increase) only close to the fish farm in Greece. 
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Table 2 . Summary of ANOVA results for Italy, Greece and Spain campaigns.  
Italy Greece Spain 
Variable Tissue 
% variance p % variance p % variance p 
Young leaf --- NS 87.0 ** --- NS 
Rhizomes --- NS 81.2 ** 73.8 ** 
Roots --- NS 77.3 * 58.6 * 
Total N 
Epiphytes 97.3 *** 85.4 ** 70.0 * 
Rhizomes --- NS 92.0 *** 77.0 * 
FAA 
Roots 91.4 * 67.8 * 85.62 ** 
Young leaf --- NS --- NS --- -- 
δ15N 
Epiphytes 94.8 *** 92.9 *** --- -- 
Young leaf --- NS 74.1 * 55.7 * 
Rhizomes 74.4 *** 96.8 *** 77.5 ** 
Roots --- NS 79.7 ** 61.2 * 
Total P 
Epiphytes 94.8 *** 88.4 *** 97.8 *** 
Rhizomes 71.1 * 73.4 * 52.8 * 
TNC 
Roots --- NS 81.4 ** 91.3 *** 
 
For the sake of simplicity, only the percentage of variance caused by each variable and the test level of 
significance are shown. Ho: there are no significant effects between “zones” (i.e. between HI, LI and C 
stations). NS = not significant, *p < 0.05; **p< 0.01; ***p < 0.001. % variance corresponding to non-
significant results must be considered due to random. 
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Figure 2. Total nitrogen content in P. oceanica tissues and epiphytes from vegetated seabed in the 
proximity of fish farms in Italy, Greece and Spain, with depths of 22 m, 16 m and 28 m depth, 
respectively. Stations along the downstream transect: HI, highly impacted station (10-15 m); LI, less 
impacted station (35-40 m), and C, control station (1000-1200 m). Vertical bars correspond to the 
standard error of the mean. 
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Free amino acid concentration (FAA) 
Total FAA concentration in rhizomes and roots from the three sites showed a significant 
increase with proximity to the fish farm, except in rhizomes from Italy (Figure 3 and Table 2). 
Total FAA in rhizomes from Greece and Spain were 1.7- and 2.6- fold higher in HI stations 
compared to C respectively. FAA concentration increased in roots, which showed values 2.2- 
and 3-fold higher in Greece and Spain respectively. 
The rise in FAA concentration in rhizomes in HI stations compared to C in fish farms in 
Greece and Spain was due mainly to an increase in asparagine and arginine, which accounted 
for between from 8 and 70% and between 16 and 25% of the total FAA increase respectively.  
The increase in FAA concentration in roots sampled from Italy and Spain was explained 
mainly by the increase in asparagine, serine and alanine, which accounted for between 35 and 
40%, 8 and 30% and 13 and 20% of the total FAA increase respectively. In addition, in Italy, 
roots from the HI station presented a 4-fold increase in g-aminobutyric acid (GABA) over that 
recorded in C. In Greece, despite the significant increase in total FAA concentration in roots, 
variability among replicates caused a non-significant specific FAA increase at the HI station 
compared to LI station. 
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Figure 3. Total free amino acid concentration in P. oceanica rhizomes and roots from vegetated seabed in 
the proximity of the fish farms in Italy, Greece and Spain, with depths of 22 m, 16 m and 28 m, 
respectively. Stations along the downstream transect: HI, highly impacted station (10-15 m); LI, less 
impacted station (35-40 m), and C, control station (1000-1200 m). Vertical bars correspond to the 
standard error of the mean.  
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Nitrogen Stable Isotope Ratio (δ15N) 
The δ15N of the epiphytes was significantly higher in the stations closest to the fish farms than 
in C (Figure 4 and Table 2) in Italy and Greece. The effect was more pronounced in Italy, with a 
3-fold increase in the HI station compared to C whereas in Greece the increase between these 
two stations was about 1.7-fold. In contrast, no significant differences (p > 0.05) among stations 
were found in young leaves at any site, although δ15N tended to decrease along the transect.  
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Figure 4. Nitrogen isotopic ratio (δ15N) in P. oceanica leaves and epiphytes from vegetated seabed in 
the proximity of the fish farms in Italy and Greece, with depths of 22 m and 16 m, respectively. 
Stations along the downstream transect: HI, highly impacted station (10-15 m); LI, less impacted 
station (35-40 m), and C, control station (1000-1200 m). Vertical bars correspond to the standard error 
of the mean. 
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Total phosphorus (P) content 
Total P content in epiphytes and plant tissues showed a significant increase in the HI stations in 
all sites, except for young leaves and roots in Italy (Figure 5 and Table 2). Epiphytes showed the 
most significant response in all cases, with increases of 2- to 5.5-fold followed by rhizomes, in 
which total P content increased from 2.5- to 5-fold in HI stations compared with C. Total P 
content in young leaves increased 1.1- and 1.8-fold in Spain and Greece respectively and in 
roots 1.5- and 1.6-fold in Greece and Spain respectively compared with C values.  
 
Total non-structural carbohydrate (TNC)  
The TNC content of rhizomes and roots from the three sites showed a clear and similar pattern, 
with a significant decrease towards fish farms, with the exception of roots in Italy (Figure 6 and 
Table 2). The TNC content in rhizomes was from 1.3- to 1.8-fold lower in the HI stations 
compared with C. A 1.4- and 2.7-fold decrease in TNC content of roots was recorded in Spain 
and Greece respectively respect to the C values.   
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Figure 5. Total phosphorus content in P. oceanica tissues and epiphytes from vegetated seabed in the 
proximity of the fish farms in Italy, Greece and Spain, with depths of 22 m, 16 m and 28 m, 
respectively. Stations along the downstream transect: HI, highly impacted station (10-15 m); LI, less 
impacted station (35-40 m), and C, control station (1000-1200 m). Vertical bars correspond to the 
standard error of the mean. 
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Figure 6. Total non-structural carbohydrates content (TNC) in P. oceanica rhizomes and roots 
from vegetated seabed in the proximity of the fish farms in Italy, Greece and Spain, with depths of 
22 m, 16 m and 28 m, respectively. Stations along the downstream transect: HI, highly impacted 
station (10-15 m); LI, less impacted station (35-40 m), and C, control station (1000-1200 m). 
Vertical bars correspond to the standard error of the mean. 
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Discussion 
 
 
Our results indicate that the changes in the physiological variables studied in P. oceanica and its 
epiphytes in the proximity of aquaculture facilities are caused by the effluents. We conclude that 
these variables can be used to detect environmental degradation produced by fish farms.  
Although epiphyte load in seagrasses is related to nutrient availability along natural or 
experimental nutrient gradients (Borum, 1985; Tomasko and Lapointe, 1991; Frankovich and 
Fourqurean, 1997; Peterson et al., 2007) other factors such as top-down control of epiphyte 
abundance by grazers can mask this relationship (Neckles et al., 1993; Lin et al., 1996; Heck et 
al., 2000; Prado et al., 2007). However, the control of epiphyte abundance by other 
environmental (e.g. depth) and biological (e.g. grazers) factors is complex (Ruiz et al., 2001). 
Therefore, epiphyte abundance does not appear to be a good indicator of changes in nutrient 
regime. In contrast, epiphyte nutrient content showed a close relationship with external nutrient 
loads, as indicated by the response of all the physiological variables we measured in the 
epiphytes of P. oceanica (N content, δ15N and P content). In all sampling sites in HI stations, 
these descriptors increased, indicating that effluents from these facilities enhanced nutrient 
assimilation by this seagrass.  
Furthermore, nutrient content in seagrass tissues also increases along natural nutrient 
gradients (Duarte, 1990; Fourqurean et al., 1992; Lee et al., 2004, Romero et al., 2006) and after 
experimental nutrient additions (Short et al., 1995, Udy and Dennison 1997, Moore and Wetzel, 
2000, Invers et al., 2004, Perez et al., 2007). These studies describe several morphological and 
physiological changes of seagrass in response to altered environmental conditions. In general, 
physiological responses were reported to be better indicators of saturating nutrient supply to an 
environment than morphological changes.  
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An increase in N availability generally leads to a rise in N uptake (Pérez-Llorens and 
Niell, 1995; Pedersen et al., 1997) because seagrasses are unable to down-regulate the uptake of 
this element (Touchette and Burkholder, 2000). In our study, increases in N uptake was 
reflected by a higher N content in all tissues collected in the proximity of fish farms, except in 
Italy. The highest response was found in rhizomes. This observation is consistent with the 
storage capacity of this organ (Invers et al., 2004). In leaves, this pattern was less consistent, 
and a relation between N content and nutrient availability was found only in Greece. These 
results coincide with those reported by Lee et al., (2004), who studied Zostera marina. These 
authors described increases in N content in leaves exposed to nutrient enrichment but they 
found that natural variability in this parameter was too high for it to be considered as a good 
indicator.  
The lack of response of total N content in P. oceanica tissues collected in Italy could be 
attributed to the effect of sediment conditions on N metabolism (Pérez et al., 2007). This 
aquaculture facility was the largest in this study and showed the highest rate of sedimentation 
under cages (Holmer et al., 2007). At this fish farm, sediment has the highest sulphate reduction 
rate together with the highest levels of acid-volatile fraction of the sulfide pools among 
sampling sites (Holmer and Frederiksen, 2007). These sediment characteristics, related to low 
oxygen concentrations, may inhibit N assimilation and protein synthesis, as described for Z. 
marina (Pregnall et al., 1984; Smith et al., 1988) and P. oceanica (Pérez et al., 2007).  
An increase in total N content generally implies an increase in FAA content (Udy and 
Dennison, 1997; Invers et al., 2004). N taken up above the requirements for growth is quickly 
assimilated and stored as amino acids because of the toxicity of ammonium (Touchette and 
Burkholder, 2000). This observation is confirmed by our results. The response of FAA 
concentration in P. oceanica rhizomes and roots along the study transects was significantly 
higher in HI stations in Greece and Spain. However, this observation was not found in rhizomes 
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collected in Italy. This finding could be explained by the lack of enhanced N uptake at this fish 
farm. 
Changes in FAA composition have also been related to nutrient enrichment and 
sediment conditions (Udy and Dennison, 1997; Pérez et al., 2007). Increases in FAA content in 
rhizomes in the proximity of fish farms are due mainly to an increase in asparagine and arginine 
content. The former has been related to N storage (Udy and Dennison, 1997; Kohl et al., 1998), 
especially in conditions of N excess and under stress, in which protein synthesis would be 
impaired, such as occurs under low oxygen conditions in the sediment (Pérez et al., 2007). In P. 
oceanica roots collected in Italy and Spain, the increase in FAA concentration was caused 
mainly by asparagine, serine and alanine. The accumulation of asparagine, as explained above, 
is a response to higher N availability; however, the presence of serine and alanine may be 
related to partial anaerobic metabolism in the root/rhizome system (Kohl et al., 1998). 
Moreover, in Italy, the increase in GABA content in roots would corroborate stronger hypoxia 
conditions in the sediment since the formation of this amino acid from others, like glutamine 
and glutamic acid, has been described during periods of anaerobic conditions (Pregnall et al., 
1984; Smith et al., 1988; Pérez et al., 2007).  
δ15N has recently been used to trace the fluxes of aquaculture wastes in near shore 
waters (Vizzini and Mazzola, 2004, 2006; Lojen et al., 2005; Dalsgaard and Krause-Jensen, 
2006, Holmer et al., 2007). δ15N is an extremely powerful and relatively simple parameter with 
which to monitor the fate of fish farm-derived organic matter in coastal marine systems, and a 
sensitive indicator of the spatial influence of cage-derived N (Costanzo et al., 2001; Jones et al., 
2001). Plants exposed to fish farm effluents show significantly higher δ15N signatures than those 
collected at reference sites. This shift seems to be caused mainly by the higher δ15N of the N-
rich fish wastes rather than by changes in physiological discrimination during N acquisition 
(Yamamuro et al., 2003; Cohen and Fong, 2005) or by other factors such as light intensity or 
differences in species (Grice et al., 1996). This hypothesis is corroborated by our results, which 
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show that δ15N in epiphytes declined with distance from fish farms at all the sites. On the basis 
of this observation, we propose that δ15N would be useful to trace the fate of waste from 
aquaculture facilities.   
P content in tissues and epiphytes of seagrasses also increases following nutrient 
gradients and experimental additions (Perez et al., 1991; Fourqurean et al., 1992; Udy and 
Dennison 1997; Romero et al., 2006). In general, our results are consistent with this trend since 
total P content in P. oceanica epiphytes and below-ground tissues increased with proximity to 
fish cages in all the sites except in leaf and root tissues sampled in Italy. The lack of response in 
leaves from Italy can be attributable to factors such as a loss of P uptake capacity as a result of 
leaf loss by herbivory or competition for this resource with epiphytes. Moreover, as in the case 
of N uptake in the seagrass samples collected in Italy, the P uptake can also be affected by 
sediment conditions (Pérez et al., 2007), which could also explain the lack of response observed 
in leaves and roots. The lower P content in Italy in relation with the other two sites supports this 
hypothesis. Furthermore, rhizomes showed a consistent response to the proximity of fish farms, 
probably because this organ is where P is immobilized.  
Decreases in carbohydrate reserves after nutrient increases have been repeatedly 
observed (Delgado et al., 1999; Lee and Dunton, 1999; Alcoverro et al., 2001; Invers et al., 
2004). Decreases in this variable have recently been used as a bioindicator of human pressure 
(Romero et al., 2007). In our study, the lower TNC content in rhizomes sampled close to fish 
cages in Italy, Greece and Spain, and in roots in Greece and Spain can be attributed to: (a) 
higher utilization of carbon skeletons for N assimilation (Invers et al., 2004) in those cases in 
which total N content increases close to the cages (decreases in carbon reserves fit with 
increases in FAA); (b) lower synthesis of photosynthates caused by lower light availability as a 
result of a reduction in water column transparency and/or the shadowing by epiphyte 
overgrowth (Ruiz and Romero, 2001); (c) a reduction of photosynthetic biomass as a result of 
high herbivore pressure in Italy and Greece (Holmer et al., in press), which may promote the use 
P. oceanica as indicator of fish farm impact 
 
61
of existing carbon reserves to maintain respiration of below-ground tissues (Alcoverro et al., 
2001); and; (d) the interference of oxygen shortage at the sediment with carbon metabolism of 
the plant, which reduces the transport of photosynthates from leaves to below-ground tissues 
and causes the over-consumption of carbohydrate reserves to maintain rhizome/root anaerobic 
metabolism. This is much less efficient in energy acquisition than the aerobic mechanism 
(Zimmerman and Alberte, 1996; Liao and Lin, 2001; Perez et al., 2007). The relative 
importance of each of these four causes of TNC reduction varied depending on the sampling 
site.  
In summary, among the physiological indicators measured in P. oceanica, total N 
content and δ N15 in epiphytes showed the most consistent responses to fish farm proximity 
together with the total P content in rhizomes and epiphytes. Total TNC content also showed a 
robust response, especially in rhizomes, the main storage organ in P. oceanica. Finally, the 
specific composition of the FAA pool has been found to be as sensitive measure to assess the 
stress conditions that affect P. oceanica, such as increased N availability or oxygen shortage in 
the sediment. The other physiological changes detected in P. oceanica tissues showed a general 
response to fish farm inputs but may be affected by interferences caused by other nutrient-
induced effects such as anoxia, so their response is not so clear. 
Although several authors have reported responses to nutrient enrichment in N content in 
leaves (Touchette et al., 2003; Invers et al., 2004; Leoni et al., 2007), our results indicate that 
rhizomes are the most robust compartment in the plant to measure changes associated with 
nutrient inputs. Epiphytes are also robust and reliable indicators of moderate nutrient 
enrichment derived from fish farms.  
Our results confirm the usefulness and reliability of seagrass physiological descriptors 
to identify environmental degradation in relation to classic water column and sediment 
variables. Furthermore, the intensity of the response shown by some of these descriptors in 
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seagrass indicates that they respond to fish farm effluents even before changes in community 
structure occur (plant biomass, shoot density, meadow cover, etc.). Given the sensitivity of 
these descriptors to these organic inputs, we conclude that they could be used as monitoring 
tools in aquaculture management. 
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Evaluación de la respuesta de N total y δ15N en diferentes 
compartimentos de fanerógamas marinas expuestas a vertidos 
de granjas marinas 
 
 
Resumen  
 
 
El enriquecimiento de nutrientes ha degradado numerosas áreas costeras y aparece como una de 
las principales causas de la desaparición de fanerógamas a nivel mundial. El análisis de los 
isótopos estables del nitrógeno (δ15N) en fanerógamas puede detectar nitrógeno procedente de 
actividades humanas tales como la acuicultura marina en jaulas. Sin embargo, la variabilidad de 
δ15N asociada a los diferentes compartimentos de las fanerógamas aún no ha sido estudiada. Por 
esta razón, en este estudio evaluamos la capacidad de diferentes compartimentos de 
fanerógamas para responder a la entrada de nutrientes. Para ello comparamos las respuestas de 
los isótopos estable del N en epífitos, hojas jóvenes, rizomas y raíces de las fanerógamas 
marinas Posidonia oceanica (L.) Delile y Cymodocea nodosa (Ucria) Ascherson con el fin de 
distinguir entre las respuestas de las diferentes partes de la planta. Este estudió se desarrolló en 
un gradiente de disponibilidad de nutrientes derivado de tres granjas marinas localizadas en 
diferentes sitios de la costa Española. Se observaron diferencias significativas en la composición 
isotópica en función de la fracción de la planta analizada, siendo los epífitos, el compartimento 
analizado con una mejor respuesta a la presencia de N procedente de granjas amrinas, seguido 
de los rizomas. Este studio demuestra la utilidad del δ15N en epífitos y rizomas como 
indicadores de la presencia de N procedente de las actividades de acuicultura. Por lo tanto, se 
sugiere el uso de estos dos tejidos para monitorizar incremento/descensos de nitrogeno derivado 
de actividades humanas. 
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Abstract  
Nutrient over-enrichment has degraded many coastal waters and has been invoked as a major 
cause of seagrass disappearance worldwide. The analysis of nitrogen stable isotopes (δ15N) in 
seagrasses can detect environmental nitrogen derived from human activities, including those 
generated by fish farms. However the variability of δ15N associated to different compartments 
of seagrasses has not been investigated. By this reason, in this study we report on the capacity of 
different seagrass compartments to respond to nutrient inputs. To accomplish this goal, we 
compared the responses of nitrogen stable isotopes of seagrass epiphytes, young leaves, 
rhizomes and roots in the seagrasses Posidonia oceanica (L.) Delile and Cymodocea nodosa 
(Ucria) Ascherson in order to distinguish between plant part responses. We performed our study 
in a gradient of nutrient availability derived from three offshore fish farms located in different 
sites of the Spanish coast. Significant differences in the isotopic composition were observed as a 
function of plant fraction being seagrass epiphytes the analyzed tissue with a better response to 
nitrogen derived from fish farm, followed by the rhizomes. This study demonstrates the 
usefulness of δ15N in epiphytes and rhizomes of seagrasses as indicators nitrogen derived from 
aquaculture activities. Therefore we suggest the use of these two tissues to monitor time-
integrated decrease/increase of nitrogen derived from human activities.  
______________________________________________________________________ 
Keywords:  Nitrogen Stable isotopes (δ15N), Seagrasses, Fish farm, Indicators.  
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Introduction  
 
 
In the last decades the coastal populations has grown rapidly increasing considerably the human 
pressures and impacts on marine coastal ecosystems (Albayrak et al., 2006; UNEP, 2007; 
Halpern et al., 2008). In particular, the potential of aquaculture wastes to alter environmental 
conditions and benthic communities is an issue of special concern for marine scientist and 
coastal managers (Pergent-Martini et al., 2006; Primavera, 2006; Holmer et al., 2008). In fact, 
there is increasing evidence that off-shore aquaculture can compromise the conservation of 
sensitive and valuable nearshore habitats such as seagrass communities, due to the dispersion of 
particulate and dissolved wastes over a wide range of spatial scales (e.g. Delgado et al., 1997; 
Sarà et al., 2006, Dolenec et al., 2007; Ruiz et al., in press).      
Seagrass meadows are considered one of the major marine ecosystems of many tropical 
and temperate coastal areas worldwide, where they are experiencing a significant decline in the 
last decades mostly related to human impacts (Short and Wyllie-Echeverria, 1996). Aquaculture 
wastes has been reported as one of the most frequent cause of seagrass deterioration or lost from 
estuaries to open marine systems (Ruiz et al., 2001; Pergent-Martini et al., 2006; Pérez et al., 
2007; Holmer et al., 2008), due to the disruption of ecosystem structure and function caused by 
nutrient enrichment (Burkholder et al., 2007). Therefore, since seagrass communities are 
habitats of great ecological and economical relevance (Hemminga and Duarte, 2000), the 
detection of nutrient-induced effects in these complex ecosystems is critical for the proper 
management and control of environmental impact of aquaculture activities.   
Increase in N availability is one of the major consequences of human eutrophication in 
seagrass coastal ecosystems (Short and Burdick, 1996; Touchette and Burkholder, 2000). Both 
N content and N stable isotope (δ15N) measured in seagrass tissues has been shown to increase 
in response to increased nutrient loads of anthropogenic origin (e.g. Costanzo et al., 2001; 
Yamamuro et al., 2003; Lepoint et al., 2004, Udy and Dennison, 1997, Lepoint et al., 2008) and 
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hence they has been extensively used as  bioindicators of the effects of aquaculture wastes on 
coastal ecosystems (Jones et al., 2001; Vizzini and Mazzola, 2004, 2006; Perez et al., 2008). 
However, variability of nitrogen in seagrass tissues is not only governed by water column 
nitrogen, but also by complex internal regulation (translocation, transformation, storage) and 
sediment pools (Invers et al., 2004; Evrard et al., 2005; Romero et al., 2006). At the individual 
level, N concentrations and isotopic signatures also depend on the organ type and age (Vizzini 
et al., 2003; Yamamuro et al., 2004). As consequence, seagrass tissues can be less sensitive to 
external nutrient concentrations (e.g. Lepoint et al., 2003; Lee et al., 2004) relative to 
macroalgae or epiphytes which generally depend more on the water column nitrogen. This 
differential sensitivity of seagrass compartments has been rarely considered in the assessment of 
farm wastes effects on seagrass communities (Pérez et al., 2008), but it must represent a critical 
point for the use of these variables as seagrass bioindicators of aquaculture impacts. 
Accordingly, the aim of the present study was to evaluate the seagrass compartment that better 
provide clearer and reliable information about the impact of farm wastes on seagrass 
communities. To this end, we compared the variability of total N content and δ15N signature in 
seagrass organs (leaf, rhizome and roots) and leaf epiphytes between healthy, unpolluted 
meadows and nearby meadows under the influence of fish farm wastes.    
 
Materials and Methods 
 
 
Study sites and sampling design  
 
 
Three study sites were selected located in different geographic areas of the Spanish coast: one in 
the Atlantic Ocean, in the coast of the Canary Island (Tenerife) and two in the Mediterranean 
Sea, in the coast of Catalonia (Tarragona) and Murcia (Murcia) (Fig. 1). All these sites are 
characterized by the presence of off-shore fish farm facilities placed in front of large seagrass 
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meadows of the dominant species of each geographic area (Posidonia oceanica in the 
Mediterranean Sea and Cymodocea nodosa in the Atlantic Ocean). Each study case differed in 
husbandry parameters (fish farm production and cultivated species) and seagrass characteristics 
(meadow structure variables: shoot density and meadow cover) as indicated in Table 1. At these 
study sites, previous studies demonstrated the existence of a gradient of dissolved N between 
fish cages and the seagrass meadow, which make them suitable for the aim of the present study. 
These studies form part of a project aimed to characterize the spatial extent of fish farm 
effluents by analyzing N content and δ15N measured in macroalgae tissues placed in pelagic 
bioassays deployed at increasing distances from fish cages (Garcia-Sanz et al., in press).    
The study was carried out between July and August in 2006, which is the time of the 
year when both seagrass and its epiphytic community reach its maximum seasonal development 
(Romero et al., 1989) and when fish farm production (and wastes) are at its maximum. We 
limited the study to that narrow period in order to avoid seasonal variability of seagrass N 
content and δ15N reported for these seagrass species (Vizzini et al 2003). At each geographic 
location, two meadow areas were selected at similar depths (Table 1): 1) A ‘Fish farm meadow 
area’ (FA), which correspond to the meadow area situated just in front of the fish farm, and 2) a 
‘Control meadow area’ (CA), which correspond to a meadow without aquaculture waste 
influence. In each case, both FA and CA meadows did not showed significant differences in 
meadow structure characteristics (i.e. shoot density and meadow cover, Table 1), which 
corresponded to those described for meadows with a good ecological status at the same 
geographical area and comparable depths (Pers. Obs.). Distances between fish farm sampling 
area and fish farm facilities were of 2.2 km in Canary Island, 2.8 Km in Murcia and 0.2 km in 
Catalonia.  
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Figure 1: Sample sites map 
 
In order to asses small-scale spatial variability of the measured variables within each meadow 
area (FA and CA), two sampling stations separated by a distance of 100-200 meters among 
them were randomly selected. In each sampling station, all shoots contained in six 625 cm2 
quadrates randomly placed within the meadow were collected. In the laboratory, for each 
sample, epiphytes and seagrass tissues (leaves, rhizomes and roots) were separated, dried at 50 
ºC until constant weight (48 h) and ground until obtain a fine powder. For P. oceanica only 
young leaves (0-50 days-old) and the first 4 cm of rhizomes were used to avoid ageing effects. 
For analysis of total N and stable isotopic ratio dry ground samples were weighted (2.5 µg) and 
put into tin capsules. 
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Table 1. Characteristics of the fish farms and the seagrass meadows in the three locations of study. 
 
 Canary Islands Murcia Catalonia 
    
1. Husbandry parameters:    
• Fish production (tons year-1): 375 6,197 800 
• Cultivated species: sea bream  (Sparus auratus) 
blue fin tuna 
 (Thunnus thynnus) 
sea bream 
 (Sparus auratus) 
 sea bass  (Dicentrarchus labrax) 
sea bream 
 (Sparus auratus)  
  Meagre  (Argyrosomus regius)  
  sea bass  (Dicentrarchus labrax)  
2. Seagrass meadow  
    characteristics: 
fish farm  
area 
Control 
 area 
fish farm  
area 
control  
area 
fish farm  
area 
Control 
 area 
• Seagrass species: Cymodocea nodosa Posidonia oceanica Posidonia oceanica 
• Sampling depth (m): 22.3 22.8 27 26.3 15 18 
• Shoot density (nº shoot m-2):  545.5 ± 63.0 605.8 ± 59.7 154.2 ± 8.9 231.3 ± 30.3 - 496.1 ± 78.4 
• Meadow cover (%): 42.5 ± 2.2 58.5 ± 6.1 17.6 ± 1.2 21.1 ± 1.9 - 46.6 ± 11.4 
 
 
 
Analytical procedures 
The N isotopic analysis was performed using an elemental analyzer ThermoFinnigan 
FlashEA1112 and a mass spectometer DELTAplus with an interface of continuous flow ConFlo 
II of Finnigan MAT that determine the isotopic composition. The isotopic data was reported in 
common delta units referred to atmospheric nitrogen standards using the following equation 
(Peterson and Fry, 1987): 
δ15N (‰) = (Rsample / Rstandard) – 1) x 103  where, R = 15N / 14N 
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Statistical analysis 
For each study case and plant tissue a one factor nested ANOVA model was used to test the null 
hypothesis that both total N and δ15N were similar within and between meadow areas. The 
model considered ‘meadow areas’ as a fixed factor with two levels (FA and CA) and ‘sampling 
stations’ as a random factor with two levels. Prior to the analysis, homogeneity of variances was 
tested by Cochran’s C-test and data were properly transformed when necessary. Variance 
components associated to the ANOVA terms were also calculated (Quinn and Keough 2002) for 
qualitative comparisons of variability patterns between and within meadows.  The Statistical 
software was used to perform the ANOVA analysis. 
 
Results 
 
 
In the Canary Islands study case, δ15N values obtained in the C. nodosa fish farm meadow area 
(FA, 3.5-4.0 ‰) were higher that those of the control meadow area (CA, 2.2-2.9 ‰) (Fig. 2), 
although such differences were significant only in epiphytes and leaves of C. nodosa (Table 2). 
This δ15N enrichment was more pronounced in epiphytes (27 % higher in FA than in CA) than 
in leaves (16.6 %). Rhizomes and roots also showed higher mean values in the FA than in CA 
(35.4 and 24 %, respectively), but it were not statistically significant in this case. In the Murcia 
study case, mean δ15N values obtained in P. oceanica tissues and epiphytes of CA (3-4.2 ‰) 
and FA (3.7-4.8 ‰) meadow areas were higher than those measured in the Canary Island study 
case, although the pattern of variation between meadow areas showed by the different P. 
oceanica compartments was almost identical to that described for the Canary Island study case 
(Figure 2 and Table 2). In Murcia, the magnitude of the δ15N enrichment of leaf and epiphytes 
in the FA meadow was quite similar (13-19%). In the Catalonia study case, δ15N mean values 
were the highest obtained in this study (4.6-5.6 ‰; Fig. 2); these values are also higher than 
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those reported for P. oceanica tissues and epiphytes of unpolluted meadows throughout the 
Mediterranean Sea (2.1-4 ‰; Vizzini and Mazzola 2004; Pérez et al 2008), which are similar to 
those reported for the CA meadow at the Murcia study case. In Catalonia, only a small (but 
significant) increase of mean δ15N value was detected in epiphytes of the FA meadow area (9.4 
% increment), relative to those obtained in the CA meadow (Table 2).         
 
Table 2. Summary of nested ANOVA results and estimated variance component (% var.) on nitrogen 
stable isotope ratios (δ15N) in different seagrass tissues and epiphytes collected in Canary Islands, Murcia 
and Catalonia. The table shows the differences between Areas (Control and Fish farm Area) and Sites 
within Areas. H0: There are not significant different between sites and areas. NS: not significant, *p<0.05; 
**p<0.01; ***p<0.001. 
 
 Canary Islands  Murcia  Catalonia 
                  
Epiphytes df MS F % var P  df MS F % var P  df MS F % var P 
Area 1 6.28 994.0 80.3 ***  1 2.35 31.2 70.2 *  1 0.84 19.4 62.5 * 
Site (Area) 2 0.01 0.099 0.0 ns  2 0.08 2.00 0.0 ns  2 0.04 0.99 0.0 ns 
residual 18 0.06  19.6   20 0.04  29.7   8 0.04  37.5  
               
Leaf df MS F % var P  df MS F % var P  df MS F % var P 
Area  1 2.61 131.8 29.6 **  1 3.03 48.4 67.3 *  1 0.004 0.13 0.0 ns 
Site (Area) 2 0.02 0.077 0.0 ns  2 0.06 1.02 0.0 ns  2 0.032 0.78 0.0 ns 
residual 20 0.26  70.3   20 0.06  32.6   8 0.042  100.0  
               
Rhizome df MS F % var P  df MS F % var P  df MS F % var P 
Area  1 9.29 5.66 45.5 ns  1 8.67 4.52 39.5 ns  1 0.34 1.71 8.5 ns 
Site (Area) 2 1.64 7.02 18.4 **  2 1.92 4.61 10.6 *  2 0.2 1.77 10.9 ns 
residual 19 0.23  36.0   20 0.41  49.7   8 0.11  80.4  
               
Root df MS F % var P  df MS F % var P      
Area 1 4.26 5.230 29.4 ns  1 3.13 6.87 9.3 ns      
Site (Area) 2 0.81 3.048 10.0 ns  2 0.45 0.43 0.0 ns      
residual 19 0.27  60.5   20 1.06  90.7       
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Figure 2:  Mean nitrogen stable isotope ratios (δ15N) values in different seagrass tissues and epiphytes 
collected in Canary Islands, Murcia and Catalonia in Control and Fish farm Areas (CA and FA). Vertical 
bars correspond to the standard error of the mean. 
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Mean values of total N content ranged between 1.1 and 1.8 % in the CA meadow area 
of Canary Island, with higher values observed for C. nodosa leaf and root tissues (Fig. 3). 
Values of this variable significantly increased in epiphytes and rhizomes of the FA meadow area 
relative to the CA area (42.6 and 41.7 %, respectively; Table 3). Differences between meadow 
areas were also significant for roots (Table 3), but it showed an opposite pattern to that 
described for epiphytes and rhizomes (Fig. 3). Both in Murcia and Catalonia study cases, total N 
content of the P. oceanica compartments analyzed ranged between 0.5 and 2 %, although higher 
mean values were recorded in rhizomes of the FA meadow area in Murcia (Fig. 3). In both 
cases, higher mean values were observed for leaf and rhizome tissues while in epiphytes were 
always below 1 %. Also in both cases, no significant differences were found for this variable 
between meadow areas for any seagrass compartment (Table 3).  
Variance components calculated for each seagrass compartment and study case are showed in 
Tables 2 and 3. Both for N and δ15N, the proportion of variance accounted by the ‘meadow area’ 
effect represented one of the most important contribution to the total variance (25-80%) in those 
cases where differences between meadow areas were found significant. Variance accounted by 
the residual term (i.e. samples within sites) was also relevant, but in all analyzed cases (19-
100%). Variability between sites within meadow areas (i.e. the nested factor) was very low or 
negligible in most cases (0-10 %), but it was more important (up to 60%) and/or significant for 
a limited number of cases (δ15N of rhizomes in Canary Island and Murcia, N content of leaf and 
rhizomes of Murcia and leaf N content in Catalonia). Since the variance of the nested factor 
‘Site’ is the denominator in F-ratio of the ‘Area’ effect in this ANOVA model, this local source 
of heterogeneity can prevent the detection of significant differences between meadow areas 
even when these differences are apparent, as it was the case for N isotopes in rhizomes from 
Canary Island and Murcia (Fig. 2, Table 2).     
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Table 3. Summary of nested ANOVA results and estimated variance component (% var.) on total 
nitrogen content (% N) in different seagrass tissues and epiphytes collected in Canary Islands, Murcia and 
Catalonia. The table shows the differences between Areas (Control and Fish farm Area) and Sites within 
Areas. H0: There are not significant different between sites and areas. NS: not significant, *p<0.05; 
**p<0.01; ***p<0.001. 
 
 Canary Islands  Murcia  Catalonia 
                  
Epiphytes df MS F % var P  df MS F % var P  df MS F % var P 
Area 1 4.87 77.4 68.6 ***  1 0.0004 0.04 0.0 ns  1 0.09 2.81 20.0 ns 
Site (Area) 2 0.06 0.67 0.0 ns  2 0.010 0.58 0.0 ns  2 0.03 1.85 0.0 ns 
residual 18 0.09  31.3   20 0.017  100.0   8 0.02  80.0  
               
Leaf df MS F % var P  df MS F % var P  df MS F % var P 
Area  1 0.01 0.10 0.0 ns  1 0.026 0.32 0.0 ns  1 0.007 0.36 0.0 ns 
Site (Area) 2 0.13 1.58 4.9 ns  2 0.078 11.1 46.4 ***  2 0.020 6.74 60.0 * 
residual 20 0.08  95.0   20 0.007  53.5   8 0.002  40.0  
               
Rhizome df MS F % var P  df MS F % var P  df MS F % var P 
Area  1 3.99 57.1 59.7 *  1 0.624 0.58 0.0 ns  1 0.042 0.33 0.0 ns 
Site (Area) 2 0.06 0.62 0.0 ns  2 1.058 7.25 30.3 **  2 0.125 1.27 4.7 ns 
residual 19 0.11  40.2   20 0.145  69.6   8 0.098  95.2  
               
Root df MS F % var P  df MS F % var P      
Area 1 0.45 10.6 25.2 *(1)  1 0.013 2.45 0.68 ns      
Site (Area) 2 0.04 0.77 0.0 ns  2 0.005 0.18 0.0 ns      
residual 19 0.05  74.7   20 0.029  99.3       
               
 
*(1) significativo tras el pooling del nested factor 
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Figure 2:  Mean total nitrogen content (% N) in different seagrass tissues and epiphytes collected in 
Canary Islands, Murcia and Catalonia in Control and Fish farm Areas (CA and FA). Vertical bars 
correspond to the standard error of the mean.              
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Discussion 
 
 
The analysis of total N content and nitrogen stable isotope ratios (δ15N) in seagrass tissues and 
epiphytes performed in this study revealed differential sensitivity of seagrass compartments to 
the increase of external nutrient concentrations caused by the dispersion of farm wastes from 
off-shore aquaculture facilities. δ15N values showed a consistent and significant increase near 
fish farms in epiphytes and leaves of Cymodocea nodosa in Canary Islands and Posidonia 
oceanica in Murcia, and only in epiphytes in Catalonia. The δ15N values obtained in these 
tissues (3.5-5.5 ‰) were similar to the δ15N values measured in the organic matter derived from 
fish farms (Sarà et al., 2004) so, we can corroborate that fish farm wastes are the responsible of 
the δ15N enrichment in such tissues.  
Epiphytes are expected to be more sensitive to changes in water column nitrogen than 
seagrass tissues since they are able to exploit dissolved nitrogen sources more rapidly than their 
host plant (Lepoint et al., 2007). Furthermore, epiphytic algae have a higher nutrient demand 
(i.e., lower C/N/P ratio) (Pedersen and Borum 1997) since they only have access to water-
column nutrient. Our results support this contention since epiphytes were the only seagrass 
compartment analyzed that showed significant differences in δ15N values between fish farm and 
control areas in all the study cases (Canary Islands, Murcia and Catalonia).  
Leaves showed significant differences in δ15N values between fish farm and control 
areas in all cases, except in Catalonia. Significant internal variations in δ15N of seagrass leaves 
related to the complex internal regulation of leaf nitrogen in seagrasses (Invers et al., 2004) 
could explain the lack of response in Catalonia as well as that found in others studies 
(Yamamuro et al., 2004). It make difficult to do any simple assumption about plant nutrient 
status by means of only this tissue. However, actually, leaves is the tissue more widely used in 
ecological studies to evaluate nutrient enrichment using the isotopic content of seagrasses (Grice 
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et al., 1996; Fourqurean et al., 1997; Costanzo et al., 2001; Jones et al., 2001; Yamamuro et al., 
2003; Vizzini and Mazzola, 2004, 2006).  
In rhizomes and roots we found no significance differences in δ15N values between the 
area influenced by fish farm wastes and the control area. However, the mean values were clearly 
higher near the fish farms than in the control area in several study cases, especially in rhizomes. 
These cases were the rhizomes and roots in the Canary Island and the rhizomes in Murcia. In all 
of them, the variability associate to the nested factor (i.e. spatial variability inside of each 
meadow) was high (10-19 %). This variability was associated mainly with the meadows located 
near fish farms probably by the different influence of the waste in the meadow due to local 
hydrodynamic factor. So, this high variability of the nested factor could have masked the 
increases in δ15N values near fish farm. Probably, an experimental design with more replicates 
of sites inside each meadow could reveal significance differences, specially in rhizomes, since 
the high storage capacity of this organ (e.g. Invers et al. 2004) makes the rhizomatic N pool 
sensitive to changes in N availability (Martínez-Crego et al., 2008). In fact, increases in δ15N in 
this organ have been selected as descriptor in a multivariate index (POMI) to asses the 
ecological status of coastal waters based on the seagrass P. oceanica (Romero et al., 2007). 
Roots response could be more variable, as occurs in leaves, because of the complex and variable 
strategies of seagrasses for meeting nitrogen requirements involving both leaf and root uptake 
and internal resorption (Touchette and Burkholder, 2000).  
On the other hand, when we compare the results obtained from the analysis of δ15N in 
seagrass tissues with the total nitrogen content (% N) in plant tissues we clearly appreciate that 
the isotopic analysis is better than the analysis of nitrogen content to detect the dissolved 
nitrogen derived from fish farms. Total nitrogen content increased significantly near fish farms 
only in two cases, epiphytes and rhizomes in Canary Islands. This indicates that, probably only 
in the Canary Islands, the most oligotrophic study site analyzed, the N derived from fish farm 
arrives in excess to the meadow. In Murcia and Catalonia, the N derived from fish farm also 
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arrives to the meadow, due to the positive response of δ15N obtained in epiphytes. However, 
there are a lack of response of % N in all the tissues analyzed. It could be explained by several 
reasons. By one hand, the dilution and dispersion of the nitrogen due to local regimen of 
currents can avoid nitrogen accumulation in seagrass tissues (Sarà et al., 2006). Then, the N 
supplied to the meadow could be as low as to merit long-term N storage and are likely used to 
sustain growth (McGlathery 1995; Udy and Dennison, 1997; Lin and Fong 2008). On the other 
hand, kinetics parameters are highly variable among seagrass species (Romero et al., 2006). 
Therefore differences in nutrient economy between C. nodosa and P. oceanica could have had 
influence in the results (Invers et al., 2004). In addition, nutrient enrichment could favour 
opportunistic epiphytic algae over seagrass leaves (Duarte 1995, McGlathery et al., 1995, 
Frankovich and Fourqurean, 1997; Wear et al., 1999) which rapid growth prevents for N 
accumulation in seagrass tissues. Finally, increases in % N in seagrass tissues could not be 
detected due to the natural variability of this variable between individual plants (residual) or 
parts of the meadow (nested factor).  
In spite of carry out experiments in different regions and with two seagrass species, our 
results verify the role of the analysis of the δ15N in epiphytes, and seagrass tissues in 
comparison with the use of total N content to detect rapidly nitrogen derived from aquaculture 
activities in seagrasses avoiding changes in the community with drastic effects for the survival 
of the meadow. So we propose the analysis of nitrogen stable isotope ratio, especially in 
seagrass epiphytes and rhizomes, to monitoring dissolved nitrogen derived from human 
activities such as offshore aquaculture. 
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Evaluación de una herramienta basada en bioensayos con 
macroalgas para estimar la extensión espacial de nutrientes 
liberados por jaulas marinas de cultivo  
 
 
Resumen  
 
 
En este studio se ha desarrollado y evaluado una herramienta basada en bioensayos con 
macroalgas para monitorizar el alcance especial de los vertidos disueltos liberados de granjas 
marinas off-shore en ecosistemas costeros marinos. Esta herramienta analiza el ratio isotópico 
del nitrógeno (δ15N) en tejidos de varios productores primarios bentónicos (macroalgas y 
epífitos de P. oceanica) incubados en la columna de agua a distancias crecientes (de 0 m a 1000 
m) de las granjas marinas a través de dispositivos de incubación. Los bioensayos se aplicaron en 
tres granjas marinas situadas en diferentes localidades geográficas (Islas Canarias, Murcia y 
Cataluña) y se probó: la capacidad de respuesta de las diferentes especies de macroalgas usadas 
en relación a su resistencia y sensibilidad a vertidos de granjas marinas, la profundidad de 
incubación (superficie o fondo) y tiempo de incubación (2, 4 o 6 días) más adecuados para 
detectar la distribución espacial de δ15N de las inmediaciones de las granjas marinas. En 
términos generales, los resultados mostraron un incremento gradual y significativo de los 
valores de  δ15N hacia las jaulas de cultivo con respecto a los valores de referencia (iniciales) y 
los valores control en todas las especies de macroalgas evaluadas, excepto en el alga roja 
Asparagopsis taxiformis de las Islas Canarias. Los resultados obtenidos variaron en función de 
las condiciones experimentales analizadas y del régimen de nutrientes de cada area costera. El 
gradiente espacial fue más consistente en la parte somera de la columna de agua  que en la 
profunda y fue estadísticamente significativo tras un periodo de incubación de cuatro días. Estos 
resultados confirman la efectividad y fiabilidad del método propuesto pudiéndose por tanto 
aplicar para evaluar la extensión espacial de los nutrientes derivados por las granjas marinas en 
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los programas de monitorización de granjas marinas.  
 
Abstract  
 
 
In this study we develop and evaluate a macroalgal bioassay tool for monitoring the spatial 
extent of dissolved wastes loaded from offshore fish farms into the marine coastal ecosystem. 
This tool is based in the analysis of the nitrogen stable isotope ratio (δ15N) in tissues of several 
benthic primary producers (macroalgae and P. oceanica epiphytes) incubated in the water 
column at increasing distances (from 0 m to 1000 m) from the fish cages by means of 
incubation devices. The bioassays were performed in three fish farms situated in different 
geographical locations (the Canary Islands, Murcia and Catalonia) and we test: the suitability of 
the different macroalgae species used in relation with their resistance to incubation and their 
sensitivity to fish-farm wastes and the most adequate incubation depth (shallow or depth) and 
incubation time (2, 4 or 6 days) to detect the spatial distribution of δ15N around fish farms. In 
general terms, the results showed a gradual and significant increment of δ15N values towards the 
fish cages with respect to the reference (initial) and control values for all the species of 
macroalgae tested except for the red algae Asparagopsis taxiformis from Canary Islands. The 
magnitude and shape of the reported spatial responses varied in function of the experimental 
settings analyzed as well as in function of the nutrient regime characteristics of each coastal 
area. The spatial gradient was more consistent in the shallow part of the water column, than in 
the deeper part and was statistically significant after an incubation period of four days. These 
results confirm the effectiveness and reliability of the method proposed, that could be applied to 
assess the spatial extent of nutrients derived from fish farm to use in monitoring programs in 
offshore fish farms.          
 
____________________________________________________________________ 
Keywords:  Nitrogen Stable isotopes (δ15N), Fish farms, Macroalgae, Bioassays, Indicators. 
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Introduction 
 
 
The use of floating net cages in marine aquaculture has grown steadily over recent years in the 
Mediterranean (FAO, 2007). This development has sparked much concern over the threats 
posed by fish-farm wastes entering marine ecosystems. Fish-farm waste mainly composed of 
uneaten food and fish waste (excreta and faeces), increases the concentration of particulate 
organic mater (POM) and dissolved nutrients in the surrounding waters (Pitta et al., 1999; 
Karakassis et al., 2001; Norvdarg and Johansson, 2002). Particulate waste settles over the 
seabed and subsequently enriches the sediments (Vezzuli et al., 2002); resuspension of 
particulate materials from sediments further contributes to the increase in POM and dissolved 
nutrients in the water column (Holby and Hall, 1991; Hall et al., 1992; Christensen et al., 2000). 
These enrichment of sediments and water-column has lead to significant alterations of benthic 
marine communities, mainly in soft-bottom macro- and meio-benthos (Mazzola et al., 2000; 
Mirto et al., 2002) but also in more vulnerable and valuable habitats, particularly seagrasses 
(Pergent et al., 1999; Ruiz et al., 2001; Holmer et al., 2003; Pergent-Martini et al., 2006; 
Holmer et al., 2008; Ruiz et al, in press). Most of these negative effects have been reported in 
shallow and sheltered nearshore environments and, as consequence, most of fish farm facilities 
are presently placed in deeper, offshore waters, where is presumed to have a lower resident time 
of aquaculture wastes minimizing impact on benthic communities (Wu et al., 1994; McGhie et 
al., 2000; Alongi et al., 2003).  
Despite the reported evidences of environmental degradation caused by aquaculture 
activities, there are currently no specific and reliable tools to provide ecologically meaningful 
information about the impact of fish-farm wastes on marine ecosystems. Classic descriptors 
based on water-column and sediment physicochemical variables (i.e. DIN, POM, among others) 
have been systematically used in monitoring programs of aquaculture impacts to assess the 
spread of fish-farm wastes in marine environments (Dosdat et al., 1995; Roque d´Orbcastel et 
al., 2008). However, these methods have usually failed to detect nutrient enrichment on 
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receiving waters surrounding fish farms underestimating the spatial extent of the dissolved 
fraction of aquaculture wastes (Jones et al., 2001 and references therein). This lack of response 
is attributed to the fast dispersal of dissolved nutrients, its assimilation by organisms or lost to 
the atmosphere through volatilization and denitrification (Pitta et al., 1999; Wolanski et al., 
2000; Karakassis et al., 2001; Sarà, 2007). This is especially true in offshore environments 
where the dilution and spread of released nutrients is faster than in more confined sites. 
Biological indicators (bioindicators) represent an alternative to physical and chemical analyses 
to assess water quality since they can integrate both persistent and pulsed changes in external 
nutrient availability over time, reflecting the nutrient regime of the environment and the 
assimilation of nutrients within the system (Lyngby 1990; Costanzo et al., 2000; Jones et al., 
2001). As a result there is now a call for the development of monitoring tools based on 
bioindicators to properly manage this activity.  
Benthic primary producers (macroalgae, seagrasses and epiphytes) are considered 
excellent potential bioindicators of nutrient availability for several reasons: they are widely 
distributed and abundant, their biomasses persist over relatively long periods, and they show 
well-characterized physiological responses to nutrient exposure (Udy and Dennison, 1997; 
Lyngby et al., 1999). Indeed, the number of studies that use these organisms to assess the 
influence of external sources of nutrients on coastal ecosystems has recently increased (Fong et 
al., 1998; Savage and Elmgren, 2004; Lee et al., 2004; Dalsgaard and Krause-Jensen, 2006; 
Pérez et al., 2008). On the other hand, in the last decade, the analysis of the isotopic nitrogen 
ratios (δ15N) in benthic primary producers has been revealed as a technique that is particularly 
effective in tracing external nutrient inputs from certain human activities (see Lepoint et al., 
2004 for a review, Sarà et al., 2004, 2006). Organic loads from urban wastes and aquaculture 
are enriched in the heavy nitrogen isotope (N15) relative to natural sources (Jones et al., 2001; 
Costanzo et al., 2003, 2004; Cole et al., 2004, 2005). This enrichment in N15 can be detected in 
macrophyte tissues exposed to wastes since they show only small or no fractionation during 
nitrogen uptake and assimilation (Gartner et al., 2002; Cohen and Fong, 2005; Deutsch and 
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Voss, 2006). Moreover, the specificity of the nitrogen isotopic signal in macrophyte species to 
their sources allow to identify nutrient enrichment caused by different human activities e.g. 
urban wastes and fish farm effluents. 
The analysis of the nitrogen isotopic signal in benthic vegetation has been applied 
successfully to determine the spatial scale of the dispersal of aquaculture effluents derived from 
land-based farms (Jones et al., 2001; Vizzini and Mazzola, 2004). However, the distribution of 
benthic macrophytic communities along the coast is not continuous and it is depth limited so 
these communities are usually absent from deeper areas where offshore aquaculture is 
expanding. This fact restricts the use of this kind of biological indicators to quantify the impact 
of fish farm effluents in open waters. To overcome this problem some researches have analyzed 
variations of δ15N in samples of macroalgae collected from natural stands and placed into 
chambers that are then deployed in any desired location (i.e. bioassays) to detect and map the 
spatial extent of the influence of sewage outfalls over a large marine coastal area (Costanzo et 
al., 2001; Deutsch and Fong, 2006). Lin and Fong (2008) faced the same problem to detect the 
spatial extent of shrimp-farm (land-based) effluents deploying macroalgae in mesh bags staked 
to sediment in unvegetated bottoms. However, to our knowledge its potential has not still been 
evaluated in marine offshore fish farms. So, we present here a study that uses pelagic 
macroalgal bioassays in combination with isotopic analysis to determine the spatial extent of 
offshore fish-farm wastes in open waters.  
This study represents an assessment of a method based on the analysis of δ15N 
signatures in tissues of benthic primary producers (macroalgae and P. oceanica epiphytes) used 
as active bioindicators (i.e. bioassays) to determine the spatial extent of dissolved wastes 
derived from offshore aquaculture facilities. Three case studies (fish farms) were selected in 
three geographically separated sites of the Spanish coast to perform this study. In each case, 
bioassays were deployed by means of incubation devices in the water column at distances 
increasingly further from the fish farm facilities and the effects of several key experimental 
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settings (species of macroalgae, depth of incubation and duration of incubation) on the 
variations of δ15N signatures were analyzed. In addition, spatial variations of δ15N were 
compared with those indicated by other measures as total nitrogen and total phosphorus content 
in plant tissues. 
 
Materials and Methods 
 
Study sites  
Three offshore fish farms were selected to perform the study. One was located in waters of the 
Atlantic coast (Tenerife, Canary Islands), and two in the Mediterranean: one in San Pedro del 
Pinatar (Murcia Region) and the other in L’Ametlla de Mar (Catalonia Region), on the south-
eastern and north-eastern coast of the Spanish Peninsula, respectively (Fig. 1). In the Canary 
Islands, the annual production of the fish farm during the study period was about 375 tons. The 
species farmed here were sea bream (Sparus aurata) and sea bass (Dicentrarchus labrax). In 
Murcia, the annual production of the fish farm was about 350 tons. Atlantic blue fin tuna 
(Thunnus thynnus) was farmed in Murcia. However, this facility was at the southern end of a 
larger complex of seven fish farms. These farms were concentrated in an area of 1.47 km2 and 
farmed blue fin tuna, sea bream and sea bass with an annual production of 6,760 tons. On an 
annual basis, the fish farm in Catalonia produced about 800 tons of sea bream. All fish farms 
selected were located in soft, unvegetated bottoms between 20 and 40 m deep at more than 1 km 
from shore. The study was carried out during July and August in 2005.  
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Figure 1:  Sample sites map. 
 
Experimental design  
At each study site, macroalgal samples were collected from unpolluted sites one day before the 
bioassay deployment. Macroalgae collected varied in availability in each study site. As a result 
of this variation, the red algae Asparagopsis taxiformis (Delile) Trevisande Saint-Léon and the 
brown algae Stypopodium zonale (Lamouroux) Papenfuss were used in the Canary Islands study 
site; the brown algae Dictyopteris polypodioides (De Candolle) J.V. Lamouroux and the 
epiphytic community of the seagrass Posidonia oceanica (L.) Delile were used in the Murcia 
fish farm, and the brown algae Cystoseira mediterranea (Sauvageau) in the study case of 
Catalonia. After collection, all macroalgae were maintained until the next day in coolers with 
well-aerated seawater under low light conditions to avoid further physiological stress by light 
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and temperature. Ten sub-samples were separated from the bulk of collected plant material and 
kept frozen until the time of analysis to obtain reference values of the variables analyzed.  
The day after sampling, macroalgae pieces (between 25 and 50 g of plant biomass) were 
placed into incubation devices (comprising plastic 1 cm mesh cylinders measuring 9 cm in 
diameter and 15 cm in height) and deployed in the water column at sites increasingly further 
from the fish cages along a 1 km transect in the main current direction (Fig. 2). The direction of 
the currents during the course of our study was established at each site from data provided by 
environmental studies available in the respective monitoring programs.  
The incubation devices were hung along vertical rope lines deployed at 0, 25, 50, 100, 
200, 500 and 1000 meters from the fish cages. Rope lines were attached to a concrete cube 
weighing 30 kg on the seabed and were maintained in an erect position with a buoy. Along each 
rope line, three groups of four cylindrical devices (n = 4) were hung at 5 m and at 20 m depth 
respectively to assess the effect of the incubation depth on the spatial variation of the nitrogen 
isotopic signal measured in plant tissues. Based in others studies (Beveridge et al., 1994; Wu et 
al., 1994; Mantzavrakos et al., 2007) that reported that no significant changes in total suspended 
solids and water transparency were found near offshore fish farms at any of the sites tested, we 
assume that light intensity is the same in all incubation points at the same depth along the 
transect . 
To evaluate the most adequate incubation time, a group of 4 devices at each depth and 
each distance (from a total of three groups at each sampling point) was collected at 2, 4 and 6 
days after the initial deployment (T2, T4 and T6, respectively). The plant material contained in 
each device was cleaned with deionized water, stored in plastic bags and kept frozen until 
analysis.  
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Figure 2: Diagram of the experimental design developed in this study. 
 
 
Analysis of plant material 
Macroalgae samples were dried at 60ºC to constant weight for 24 hours, ground using an agate 
mortar and pestle and preserved in a desiccator at room temperature. From each sample, 
between 1.8 and 2 mg of dry weight was encapsulated to determine total nitrogen content and 
the stable isotope ratio (δ15N).   
The isotopic analysis technique was based on the two naturally occurring atomic forms of 
nitrogen 14N and 15N (Mariotti, 1983). By measuring the ratio of 14N and 15N in dried plant 
tissue, the relative amount of 15N or δ15N in the plant can be determined as the relative 
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difference between the sample and a worldwide standard (atmospheric N2) using the following 
equation (Peterson and Fry, 1987): 
δ15N = (15N/14Nsample / 15N/14Nstandard -1) x 1000 
The nitrogen stable isotope ratio (δ15N) and total N content (%) were determined using a 
continuous flow isotope ratio mass spectrometer (Thermo Finnigan Delta Plus IRMS). This was 
carried out after combustion in an elemental analyzer Flash EA from TermoFinnigan coupled 
via a ConFlo II from Finnigan MAT with the elemental analyzer. The ratio δ15N value was 
expressed in per mil (‰). The internal laboratory standard employed was acetanilide.  
In the Catalonia study, total P (% DW) was also determined in plant material to 
compare the results obtained with the information provided by the nitrogen variables. Total P 
content was determined by inductively coupled plasma-atomic emission spectrometry (ICP-
AES) with a vacuum spectrometer (Franson, 1985) following nitric acid-hydrogen peroxide 
digestion. 
Statistical procedures 
The effect of distance from fish cages on the dependent variables (δ15N, % N, % P in plant 
tissues) was analyzed using a separate one-way ANOVA for each combination of depth and 
incubation time. Before analysis, Cochran’s test was used to assess the homogeneity of 
variances. Differences were considered significant if p<0.05. When significant differences were 
detected a post hoc pair-wise comparison of means Student-Newman-Keuls (SNK) test was 
performed (Zar, 1999). When variances were homogeneous, results were interpreted at the 
probability level of 0.01 to reduce the possibility of a Type I error (Underwood, 1997). 
Statgraphics Plus 5.1 data analysis software package was used for the statistical analysis. 
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Results 
 
Nitrogen Stable Isotope Ratio (δ15N) 
Mean δ15N values obtained at the incubation time T2 for each transects distance were variable 
and close to the reference values (Figs. 3, 4 and 5 and Table 1). Such variability was significant 
in most cases but was not influenced by the presence of fish cages (Table 2). As the incubation 
time increased, differences between bioassays and the reference values increased, the maximum 
being in the fish cage (0 m) and minimum at the control site (i.e. 1000 m). However, the 
significance and strength of this spatial trend depended on the incubation time, the macroalgae 
species used and the depth of the bioassay just as is described below. 
 
Table 1. Measurements of δ15N, % N and % P in macroalgae collected from unpolluted 
sites at each location 
 
 
 
 
 
 
 
 
 
With regard to the time of incubation, significant spatial trends were detected only in 
the macroalgae incubated for four and six days (T4 and T6, respectively) (Table 2). In the 
Canary Islands a spatial gradient was only detected by S. zonale at T4 (Fig. 3). In the case of A. 
taxiformis variations of δ15N along the bioassays transect in all times of incubations were not 
related to the spatial pattern described above, probably due to the deteriorated state of the tissues 
Reference values Site Specie 
δ15N (‰) % N % P 
Asparagopsis taxiformis 3.9 1.7 - 
Canary Islands 
Stypopodium zonale 2.5 0.9 - 
Dictyopteris polypodioides 1.7 1.8 - 
Murcia 
P. oceanica epiphytes 3.5 1.1 - 
Catalonia Cystoseira mediterranea 6.1 1.4 0.082 
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of this alga at the end of the experimental period (pigment loss, pers. Obs.) (Fig. 3). In Catalonia 
the spatial gradient defined by C. mediterranea was evident at T4, while it appeared later (T6) 
in Murcia for the two species analyzed (Figs. 4 and 5).  
On the other hand, macroalgae incubated at a depth of 5 m showed a similar response to 
those incubated at a depth of 20 m (Table 2) although the spatial gradient between the fish farm 
and control sites was more clearly defined in the upper layer of the water column than at 20 m 
depth (e.g. S. zonale, P. oceanica epiphytes and C. mediterranea, Figs. 3-5). All the macroalgae 
species tested, except for A. taxiformis, showed significant spatial trends at a depth of 5 m. At 
20 m depth, significant spatial gradients were also found in all macroalgae species, except for S. 
zonale and P. oceanica epiphytes (Table 2). Differences between the fish cage (0 m) and control 
(1000 m) sites were highest for D. polypodioides (1.9-fold) and lower for the other species (1.1 
to 1.5-fold) (Figs. 3-5); furthermore mean δ15N values in D. polypodioides were highest from 
initial values (i.e. references values) even at the control site with maximum differences in T6 at 
a depth of 5 m (Fig. 4). 
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Table 2 Summary of ANOVA one-way results for δ15N values of the macroalgae analyzed. Post hoc 
associations are shown in lower-case letters. For the sake of simplicity, only SNK test results for 
significant differences are shown. Ho: there are no significant effects between distances. NS = not 
significant, *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.  
Samples SNK – test (distance) Site Specie 
Depth Time
ANOVA 
one-way  
(p-value) 0 25 50 100 200 500 1000 
T2  ns - - - - - - - 
T4  *** a a a a b a a 
 
5 
 T6      ns (1) - - - - - - - 
T2  ** ab a a a b ab ab 
T4  *** b ab a ab b b c 
Asparagopsis 
taxiformis   
20 
 T6  ns - - - - - - - 
T2  *** a a b a a a a 
T4  ** a a ab a a ab b 
 
5 
 T6  * a a a a a a a 
T2  ns - - - - - - - 
T4  ns - - - - - - - 
Canary 
Islands 
Stypopodium  
zonale  
20 
 T6  ns - - - - - - - 
T2      ns (1) - - - - - - - 
T4  ns - - - - - - - 
 
5 
 T6  *** a ab a ab bc c d 
T2      *** (1) a b b b a b b 
T4  *** a b b b b c c 
Dictyopteris 
polypodioides  
20 
 T6  *** a a b b b c d 
T2  *** a b b b b b b 
T4  ** a ab b ab ab b b 
 
5 
 T6  *** a a a a ab c bc 
T2  *** a b b b b b b 
T4      ns (1) - - - - - - - 
Murcia 
Posidonia  
oceanica 
epiphytes  
 
 
20 
 T6  *** a bc bc ab bc c c 
T2  *** b a b b a b b 
T4  *** a a b b b   b 
 
5 
 T6     ** (1) a ab ab b b b b 
T2  *** b a ab b b ab b 
T4  *** a a b ab c   bc 
Catalonia Cystoseira mediterranea  
20 
 T6  ns - - - - - - - 
 
(1) Non homogeneous variances. Significant differences if p ≤ 0.01 
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Figure 3: Nitrogen isotopic ratio (δ15N) in the two macroalgae analyzed in Canary Islands, Asparagopsis 
taxiformis and Stypopodium zonale. For each species of macroalgae the results for two depths (5-20m) 
and three times of incubations (T2= 2 days; T4= 4 days; T6= 6 days) at different distances from fish farm 
are shown. Vertical bars correspond to the standards error of the mean. 
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Figure 4: Nitrogen isotopic ratio (δ15N) in the two macroalgae analyzed in Murcia, Dictyopteris 
polypodioides and Posidonia oceanica epiphytes. For each specie of macroalgae the results for two 
depths (5-20m) and three times of incubations (T2= 2 days; T4= 4 days; T6= 6 days) at different distances 
from fish farm are shown. Vertical bars correspond to the standards error of the mean. 
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Figure 5: Nitrogen isotopic ratio (δ15N) in the macroalgae analyzed in Catalonia, Cystoseira 
mediterranea. The results for two depths (5-20m) and three times of incubations (T2= 2 days; T4= 4 
days; T6= 6 days) at different distances from fish farm are shown. Vertical bars correspond to the 
standards error of the mean. 
 
 
 
Total nitrogen (% N) content 
The mean  N content values obtained at T2 (2 days) were similar to the reference values (Figs. 
6, 7 and 8 and Table 1) and there were no significant differences between transect distances, 
with two exceptions: P. oceanica epiphytes at a depth of 5 m and C. mediterranea at both 5 and 
20 m depth (Table 3). However, in these cases no clear spatial trend associated with fish cages 
(Figs. 6, 7 and 8 and Table 3) was detected. In T4 (four days) differences between transect 
distances were found, such as in A. taxiformis at a depth of 5 m and in D. polypodioides and C. 
mediterranea at a depth of 20 m. From these cases, D. polypodioides at a depth of 20 m was the 
only species to show a perceptible spatial gradation. However, at T6 (6 days) significant 
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differences were found between transect distances in almost every species except S. zonale and 
P. oceanica epiphytes (at a depth of 20 m both); D. polypodioides and P. oceanica epiphytes 
followed significant trends at a depth of 5 m, while the same was true for C. mediterranea at a 
depth of 20 m (Figs. 6, 7 and 8 and Table 3).  Differences between the fish cage (0 m) and 
control (1000 m) sites were greater in Murcia than in Catalonia (1.6-fold and 1.2-fold, 
respectively).  
 
Total phosphorus (% P) content  
Total P content (% P), which was only measured in Cystoseira mediterranea tissue, showed no 
significant differences (p > 0.05) between transect distances in T2 (2 days) in the two depths 
studied (Fig. 9 and Table 4). In T4 (4 days), there was significant variation between mean 
values along the transect. However, there was no clear tendency of increasing values near the 
fish farm with respect to the reference value (Table 1). In contrast, a gradual but significant 
increase of % P values respect to the reference value towards the fish farm was found after six 
days of incubation (T6). This increase was detected at both incubation depths (5 and 20 meters) 
(Fig. 9 and Table 4). The control and reference values were similar in the two cases. 
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Table 3 Summary of ANOVA one-way results for % N values of the macroalgae analyzed. Post hoc 
associations are shown in lower-case letters. For the sake of simplicity, only SNK test results for 
significant differences are shown. Ho: there are no significant effects between distances. NS = not 
significant, *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.  
 
Samples SNK - test (distance) Site Specie 
Depth Time
ANOVA 
one-way  
(p-value) 0 25 50 100 200 500 1000 
T2 ns - - - - - - - 
T4   ** (1) a b b b b b b 
 
5 
T6 *** d cd cd cd a b c 
T2 ns - - - - - - - 
T4 ** ab bc bc bc a c bc 
Asparagopsis 
taxiformis   
20 
T6 ** cd abc abc cd ab a abc 
T2 ns - - - - - - - 
T4    ns (1) - - - - - - - 
 
5 
T6 * a a a a a a a 
T2 ns - - - - - - - 
T4 ns - - - - - - - 
Canary 
Islands 
Stypopodium  
zonale  
20 
 T6  ns - - - - - - - 
T2 ns - - - - - - - 
T4    ns (1) - - - - - - - 
 
5 
T6 ** a ab ab a ab ab b 
T2 ns - - - - - - - 
T4 ** ab ab ab a a ab b 
Dictyopteris 
polypodioides  
20 
T6    ** (1) abc a bc ab abc c c 
T2 ** ab ab ab a ab b b 
T4 ns - - - - - - - 
 
5 
T6 *** a ab ab bc bc c c 
T2 ns - - - - - - - 
T4 ns - - - - - - - 
Murcia 
Posidonia  
oceanica 
epiphytes 
 
20 
 T6  ns - - - - - - - 
T2    *** (1) b a b b b b b 
T4    * (1) - - - - - - - 
 
5 
T6 * a a a a a a a 
T2  ** ab a ab ab b ab b 
T4 * a a a a a a a 
Catalonia Cystoseira mediterranea  
20 
 T6       *** 
(1) a abc ab abc c bc d 
 
(1) Non homogeneous variances. Significant differences if p ≤ 0.01 
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Figure 6: Nitrogen content (% N) in the two macroalgae analyzed in Canary Islands, Asparagopsis 
taxiformis and Stypopodium zonale. For each species of macroalgae the results for two depths (5-20m) 
and three times of incubations (T2= 2 days; T4= 4 days; T6= 6 days) at different distances from fish farm 
are shown. Vertical bars correspond to the standards error of the mean. 
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Figure 7: Nitrogen content (%N) in the two macroalgae analyzed in Murcia, Dictyopteris polypodioides 
and Posidonia oceanica epiphytes. For each species of macroalgae the results for two depths (5-20m) and 
three times of incubations (T2= 2 days; T4= 4 days; T6= 6 days) at different distances from fish farm are 
shown. Vertical bars correspond to the standards error of the mean. 
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Table 4 Summary of ANOVA one-way results for % P values of the macroalgae analyzed. Post hoc 
associations are shown in lower-case letters. For the sake of simplicity, only SNK test results for 
significant differences are shown. Ho: there are no significant effects between distances. NS = not 
significant, *p ≤ 0.05; **p ≤ 0.01; ***p ≤ 0.001.  
 
Samples SNK- test (distance) Site Specie 
Depth Time
ANOVA 
one-way  (p-
value) 0 25 50 100 200 500 1000 
T2         ns (1) - - - - - - - 
T4  * a ab b ab ab ab a 
 
5 
  T6  * a ab ab ab b ab b 
T2     ns (1) - - - - - - - 
T4  * a a a a a a a 
Catalonia Cystoseira mediterranea  
20 
  T6  *** a a a b b b b 
 
(1) Non homogeneous variances. Significant differences if p ≤ 0.01 
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Figure 8: Nitrogen content (% N) in the macroalgae analyzed in Catalonia, Cystoseira mediterranea. The 
results for two depths (5-20m) and three times of incubations (T2= 2 days; T4= 4 days; T6= 6 days) at 
different distances from fish farm are shown. Vertical bars correspond to the standards error of the mean. 
 Chapter 3  
 
108 
0 25 50 100 200 500 1000
0,02
0,04
0,06
0,08
0,10
0,12
Distance from fish farm (m)
0 25 50 100 200 500 1000 0 25 50 100 200 500 1000
C.  mediterranea T1- 5m T4- 5m T6- 5m
T2- 20m T4- 20m T6- 20m
%
 P
%
 P
0,02
0,04
0,06
0,08
0,10
0,12 2- 5m
C. mediterranea
 
 
Figure 9: Phosphorus content (% P) in the macroalgae analyzed in Catalonia, Cystoseira mediterranea. 
The results for two depths (5-20m) and three times of incubations (T2= 2 days; T4= 4 days; T6= 6 days) 
at different distances from fish farm are shown. Vertical bars correspond to the standards error of the 
mean. 
 
 
 
Discussion 
 
 
In general terms, the results obtained in this study show a gradual and significant increase of the 
δ15N values in incubated macroalgae towards the fish cages respect to the reference (initial) and 
control values, which confirm the validity of the bioassay method employed to detect and 
characterize spatial gradients of nutrients associated to offshore aquaculture facilities.  
This response was similar to the increase in δ15N in benthic primary producers of 
natural communities under the influence of organic effluents delivered from sewage outfalls 
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(Costanzo et al., 2001) or from land-based aquaculture facilities (Jones et al., 2001, Vizzini and 
Mazzola, 2004). Contamination from animal wastes is a common cause of 15N enrichment in 
aquatic environments due to isotopic fractionation during the ammonification and nitrification 
processes of urea, which is one of the main forms of excreted nitrogen (Macko and Ostrom, 
1994). Thus, higher δ15N values in incubated macroalgae indicate a significant assimilation of 
dissolved inorganic nitrogen forms (ammonia and nitrates) coming from fish farm wastes. 
Therefore, decreasing δ15N signature in incubated macrophytes with increasing distance from 
the fish cages is likely to reflect the dilution of nutrients from the origin. This agrees with the 
high significant negative correlation that we have found between the isotopic signature and the 
distance from the fish cage for most of the case studies (Table 2).  
The spatial pattern found for δ15N was well-defined and significant after four days of 
incubation (T4) (Table 2). After two days of bioassay deployment (T2), differences in δ15N 
were not significant and did not show any consistent spatial pattern. In contrast, in T4 (four 
days) and T6 (six days) well-defined gradients were found. Then, although nutrients released 
from fish farms usually show large temporal variability (e.g. Karakassis et al., 2001), an 
incubation time of 4-6 days was sufficient to integrate temporal, short-term changes in the 
nutrient regime at increasing distances from fish farms. These findings are consistent with 
results from other studies where macroalgae assimilated sewage-derived DIN and displayed 
higher δ15N values in their tissues at similar times of incubations (Gartner et al., 2002; Costanzo 
et al., 2004; Deutsch and Voss, 2006).  
Not all of the macroalgal species tested showed the same tolerance to survive to the 
experimental procedure of the bioassays. The red algae A. taxiformis used in the bioassays at the 
Canary Islands site was the most obvious case (Fig. 3). In this specie, values of both δ15N and 
total N content along transects did not show any relationship with the fish farm effluent. Indeed, 
δ15N and total N content strongly decreased in relation to references values (Tables 2 and 3). 
This is explained by tissue decomposition during the bioassay incubation and indicates the low 
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resistance of this macrophyte to experimental manipulation. The other macroalgae species and 
P. oceanica epiphytes were resistant to manipulation as no signs of deterioration were apparent 
during incubation and we assumed that they were assimilating nitrogen derived from fish-farm, 
so they could be considered as good indicators of nitrogen derived from fish farms wastes.  
Spatial gradients between the fish farm and control sites were more clearly defined in 
the upper layer of the water column (i.e. 5 m incubation depth) than at a depth of 20 m, where 
this gradient was not well-defined (e.g. P. oceanica epiphytes; Fig. 4) or inexistent (e.g. S. 
zonale; Fig. 3). This can be attributed to differences in environmental factors as light (Dudley, 
2007) or differences in the dispersion patterns of wastes. Macroalgae incubated at 20 m are 
subjected to lower light levels than macroalgae incubated at 5 m. This can affect the 
photosynthetic rates and hence nitrogen assimilation (Lobban and Harrison 1997). On the other 
hand, our results indicated a higher dispersion of the dissolved inorganic nitrogen forms derived 
from fish-farm wastes in the superficial layer than in the deeper one. This can be attributed to a 
high fish density and activity in the upper layer during feed operations. Also, in summer, a 
thermocline was established between the two incubation depths (unpublished data, pers. obs), 
which prevented effective diffusion and transport of dissolved nutrients towards the deeper 
layer, so fish farm wastes are more easily dispersed, and thus detected by the bioassays in the 
superficial layer.  
The magnitude of δ15N enrichment of macrophyte tissues (in relation to reference, initial 
and control mean values) appeared higher also in the superficial layer than in the deeper one in 
all study sites, except in Murcia for D. polypodioides. In Murcia study, results show that the 
dispersion of the fish farm effluent in the superficial and in the deeper layer reached further than 
the scale measured in this study (1000 m), especially in the superficial layer, since control 
bioassays had an isotopic signal higher than these found in reference algae. This is consistent 
with the larger size of the aquaculture facilities selected in Murcia (see methods), where the 
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annual fish production is 9- and 20-fold higher than in the Catalonia and Canary Islands fish 
farms, respectively.  
The sensitivity of the bioassay and its spatial variability may be also influenced by other 
factors such as the nutrient regime characteristics of each coastal area and the presence of 
nutrient sources that differ from those derived from offshore fish farms (Ye et al., 1991; Wu, 
1995; Cromey et al., 2002; Vizzini and Mazzola, 2004; Sarà et al., 2006). These factors varied 
between the three fish farms studied here, which is probably reflected in the results. The 
variation of δ15N along the transect was higher in the fish farms of Murcia and the Canary 
Islands (2.5 -5 ‰), probably due to the oligotrophic character of their waters. This condition, 
together with the absence of any substantial source of nitrogen in the studied areas, besides fish 
farms, meant that δ15N could be applied as a single tracer to follow the dispersion of the fish 
farm wastes from source point (Peterson, 1999). In contrast, the variations of δ15N in Catalonia 
were lower than those in Murcia and the Canary Islands, mainly because of higher initial δ15N 
values in natural stands of C. mediterranea (6-7 ‰) used as reference values. The δ15N values 
found in C. mediterranea in our study site are clearly higher that the background values (3.4 ‰, 
Pantoja et al., 2002) for dissolved N in the Western Mediterranean and that those found in the 
genus Cystoseira from unpolluted environments (Pinnegar and Polunim, 2000). This could be 
explained by the high continental influence of the Catalonia fish farm. Coastal waters near 
continents are enriched in the heavier N isotope transported by runoff from watersheds larger 
than in islands, and with important urban and agricultural development (McClelland and 
Valiela, 1998; Bowen and Valiela, 2008). Consequently, the contribution of fish farm waste to 
the enhancement of δ15N in incubated algae could have been masked by ambient levels. In these 
cases the use of the nitrogen stable isotope ratios would not have been as sensitive as in 
oligotrophic areas to detect dissolved nutrients derived from fish farm (Costanzo et al., 2003); to 
be more effective it could be accompanied by other macrophyte indicators such as total 
phosphorus (% P), which is abundant (although in a lesser extent than nitrogen) in fish farm 
wastes (Holmer et al., 2008). Indeed, in the Catalonia study case the analysis of total P in the 
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incubated macrophytes revealed an intense and significant spatial gradient between 0 and 100 
m. Nonetheless, these results contrast with those found by Dalsgaard and Krause-Jensen (2006) 
where the content of N, but not of P content, in Ulva sp. tissue was highest closest to the cages.  
Total N content in marine plants is commonly considered a potential indicator of the 
concentration of biologically available nutrients in the environment (Duarte, 1990; Fong et al., 
2004). Despite this, it was much less sensitive to detect fish farm waste than δ15N probably due 
to high dispersion rates in offshore fish farms. In our study, total N content was a poor indicator 
of nutrient release from fish farms; in only three cases % N content increased towards the cages 
with respect to the reference and control values (D. polypodioides and P. oceanica epiphytes at 
5 m and C. mediterranea at 20 m; Table 4). This trend was also reported by Lin and Fong 
(2008), who reported a much more localized response to nutrient availability in tissue N content 
than in nitrogen isotope stable ratios in relation to shrimp farm effluents. These authors 
attributed this response to the fact that nutrient supply was not high enough to induce tissue 
nitrogen storage (Lin and Fong, 2008), which only occurs when nutrient supply exceeds growth 
rate (Fong et al., 2004). In our study, the lack of response in tissue nitrogen content could be 
explained by the same argument; it is likely that the high hydrodynamic conditions in offshore 
fish farms dilute the nitrogen rapidly. Moreover, the lack of nitrogen response may also be 
influenced by other aspects related to species-specific physiological traits (Fong et al., 2001, 
2003). 
In summary, our results confirm the potential of δ15N in macrophytes (more than the 
classic measures of total N and P tissue content) to track the dispersion of dissolved nutrients 
derived from aquaculture discharges in offshore sites without benthic vegetation, and especially 
in oligotrophic waters. Changes in δ15N values measured in incubated macrophytes along 
transects has provided clear and reliable characterizations of nutrient gradients associated with 
the fish farm wastes in 4-6 days (except for A. taxiformis), and the wastes are going farther  in 
the upper layer of the water column than in the deeper. Furthermore, the technique is simple and 
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low cost; experimental deployment is very easy to perform and requires very little training 
making this method a strong candidate for application in monitoring programs.  
Finally, our results have also highlighted the necessity of an assessment study to 
determine the experimental settings (species of macroalgae, distances from fish farms, 
incubation depth, etc…) that will ensure the bioassay is successful in indicating the area of the 
spatial extent of fish farm wastes. The results obtained in this study now make it possible to 
extensively apply the bioassay to the case studies. A proper spatial replication is able to gather 
most of the spatial variability caused by currents and other local factors of interest i.e. more than 
one site per distance and at least two directions. In conclusion, the application of this macroalgal 
bioassays method have a great potential in determining the spatial scale of the influence of 
aquaculture wastes on the marine environment, which represents a key aspect for monitoring 
and management this activity in coastal marine ecosystems.  
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Evaluación de la extensión espacial de vertidos de granjas 
marinas usando el isótopo estable del nitrógeno (δ15N) en 
bioensayos con macroalgas  
 
Resumen  
 
En este estudio se ha evaluado la dispersion de los vertidos procedentes de granjas marinas 
offshore mediante el análisis de los ratios del isótopo estable del nitrógeno (δ15N) en macroalgas 
incubadas a distancias crecientes de las jaulas marinas. Los bioensayos se dispusieron en tres 
granjas marinas situadas en localidades separadas con diferentes condiciones nutricionales (Islas 
Canarias, Murcia y Cataluña) y con diferencias en el tamaño, especie cultivada y producción 
anual. Los bioensayos de macroalgas fueron situados a lo largo de dos direcciones (DI y DII) y 
fueron replicados en cada distancia con el fin de evaluar el efecto de la variabilidad a pequeña 
escala en la extensión espacial de los vertidos de granjas marinas. Los resultados obtenidos con 
el análisis de δ15N contribuyen a incrementar la información sobre la aplicación de los isótopos 
estables del nitrógeno en macroalgas como un indicador efectivo para trazar la dispersión de 
nutrientes procedentes de granjas marinas offshore y demuestra que los vertidos de las granjas 
marinas pueden ser detectados a distancias de hasta ut the application of nitrogen stable isotopes 
ratios in macroalgae as an effective bioindicator to trace the dispersion varios kilómetros de la 
fuente de polución. En las Islas Canarias, la distancia de detección de los vertidos de las granjas 
mmarinas fue de 450-700 m. En Murcia encontramos la mayor distancia de influencia de los 
vertidos de granlas marinas de last res instalaciones estudiadas, estando entre 1550-2450 m y en 
Cataluña la distancia encontrada fue de menos de 120 m. En Cataluña, estos resultados fueron 
enmascarados por la influecia de otra fuente de nitrógeno, obteniendo distancias de detección 
menores de las esperadas en función de la producción de esta granja. Estos resultados confirman 
que los vertidos procedentes de granjas marinas pueden ser trazados usando loslos isótopos 
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estables de N lo que puede resultar útil para identificar areas de riesgo potencial para 
ecosistemas sensibles o ser un indicador temprano de cambios que podrían ocurrir en la 
estructura de las comunidades.   
 
Abstract  
 
In this study, the dispersal of wastes loaded from offshore fish farms were evaluated analyzing 
nitrogen stable isotope ratios (δ15N) in macroalgae incubated in the water column at sites 
increasingly further from the fish cages. Bioassays were performed in three fish farms placed in 
separated localities with different nutritional conditions (Canary Islands, Murcia and Catalonia) 
and with differences between them in size, specie of fish reared and annual production. 
Macroalgal bioassays were placed along two different directions (DI and DII) and they were 
replicated at each distance to evaluate the effect of small-scale variability on the spatial extent 
of fish-farm wastes. The results obtained with δ15N contribute to increase the information about 
the application of nitrogen stable isotopes ratios in macroalgae as an effective bioindicator to 
trace the dispersion of offshore fish-farm wastes and demonstrate that fish farm wastes can be 
traced even over distances of some km from the pollution source. In Canary Islands the distance 
of detection of fish-farm wastes obtained was of 450-700 m. In Murcia we found the highest 
distance of influence of fish farm wastes of the three installations studied, ranging between 
1550-2450 m and in Catalonia this distance was of less of 120 m. In Catalonia, the results were 
masked by the influence of other source of nitrogen, obtaining distances of detection of fish-
farm wastes smaller than expected. These results confirm that fish-farm wastes could be traced 
using the nitrogen stable isotope ratios of macroalgae and it can be useful to identify the areas of 
potential risk for some sensitive ecosystems or be an early signal that changes in the community 
structure might occur. 
______________________________________________________________________
Keywords:  Nitrogen Stable isotopes (δ15N), Fish farms, Macroalgae, Bioassays. 
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Introduction   
 
 
While the world’s population continues to grow, the supply of seafood products from marine 
capture fisheries may be reaching its limit. By this reason, aquaculture continues to grow more 
rapidly than all other animal food-producing (GESAMP, 2008). Specifically, intensive 
aquaculture in floating cages is expanding in off-shore coastal areas of many countries due to 
limitations on near-shore water space for this emergent industry (FAO, 2006).   
Negative effects of this activity on coastal marine ecosystems are related to the high 
concentrations of suspended solids and dissolved substances release by the aquaculture 
operations that represent a significant nutrient loading to the surrounding environment  
(Lefebvre et al., 2001; Nordvarg and Johansson, 2002; Islam, 2005; Roque d´Orbcastel et al., 
2008). The dispersal of these nutrients in receiving waters varies in function of a large number 
of factors related to the fish farm facility (farm size, amount of cultivated biomass, cultivated 
species and feed type, among others), to environment features (currents, local hydrodynamic 
regimen, depth, water physicochemical properties, sediment type, etc..), to ecosystem type as 
well as to the contextual presence of other anthropogenic disturbances (Wu, 1995; Vizzini and 
Mazzola, 2004; Sarà et al., 2006; Holmer et al., 2008). So, the development of effective 
methods able to characterize the dispersal of nutrients integrating the variability at different 
local conditions and spatial scales are required to proper control and management aquaculture 
activities and to aid to preserve the integrity of coastal ecosystems.  
Standard physico-chemical analyses of seawater nutrient concentrations have been 
systematically used in monitoring programs to document the release of nutrients derived from 
aquaculture in the water column (McGhie et al., 2000; Jones et al., 2001; Burford et al., 2003; 
Sarà et al., 2004; Holmer et al., 2008). However these methods are ineffective since nutrient 
loads are rapidly diluted by hydrodynamic forces and/or removed by microbial and plant 
uptake, and also are labour-intensive and expensive. In effect, water quality sampling has shown 
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not to be enough sensitive to proper characterization of spatial gradients of nutrients released 
from off-shore fish farms as it has been evidenced by Sarà (2007) in a recent review. Practically 
in all of the studies performed in marine open waters there was no change or only a localized 
increase in water column nutrients concentrations close to the fish farm net-cages. This is 
attributed to the high dispersal of fish-farm waste and its extremely high spatio-temporal 
variability in these open water environments (Samocha and Lawrence, 1997; Karakassis et al., 
2001; Vezzulli et al., 2008).  
Benthic macrophytes have demonstrated to be more reliable indicators of the effects of 
anthropogenic nutrient loads in aquatic ecosystems. Marine plants uptake and assimilate 
nutrients in excess from the water column and accumulate them in their tissues, acting as 
reliable long term time-integrators of both continuous and pulsed nutrient loadings (e.g. Cohen 
and Fong, 2005; Cole et al., 2005; Jones et al., 2001). Nonetheless, the application of 
macroalgae bioindicators is limited by the heterogeneous distribution of natural communities in 
each locality. The use of primary producers (phytoplankton and macroalgae) bioassays as 
bioindicators of nutrient availability has been proposed as an alternative method to overcome 
such problem and has demonstrated to be very effective in the characterization of continuous 
nutrient gradients created by anthropogenic sources in coastal areas (e.g. Dalsgaard and Krause-
Jensen, 2006; Deutsch and Voss 2006; Costanzo et al., 2001). By other part, the analysis of 
nitrogen stable isotopes in plant tissues has also appeared as another promising tool to trace 
wastes from specific sources in coastal ecosystems (Lepoint et al., 2004; Cole et al., 2004, 
2005). Animal wastes are enriched in the heavy nitrogen isotope (N15) compared to natural 
nitrogen sources (Lahtja and Michener, 1994). The isotopic N signal measured in marine 
benthic macrophytes has been shown to increase as they uptake nitrogen from aquaculture 
wastes (Jones et al., 2001; Costanzo et al., 2003, 2004), even in situations of low nutrient 
concentrations unable to cause changes in the total plant N content (Lin and Fong, 2008). In 
fact, isotopic analysis of natural macrophyte communities surrounding fish farms has evidenced 
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that the influence area of aquaculture wastes can be much larger than previously thought 
(Vizzini and Mazzola, 2004, 2006; Ruiz et al., in press).  
Thus, the combination of macroalgal bioassays with nitrogen stable isotopes analysis 
point to be a more powerful, specific and reliable approach to characterize the spatial pattern 
and scales of dispersal of dissolved nutrients delivered from specific anthropogenic sources. The 
effectiveness of this approach has been evaluated in only few occasions to assess the extent of 
dissolved nutrients derived from urban (Costanzo et al., 2001; Deutsch and Voss, 2006) and 
land-based shrimp farms (Lin and Fong, 2008) wastes in near-shore coastal areas. In the present 
study we use by first time a technique involving the analysis of stable isotopes ratios (δ15N) in 
macroalgae bioassays to asses the spatial extent of aquaculture effluents delivered from floating 
cages concentrated in off-shore waters of many coastal areas. To this end, δ15N values was 
measured in macroalgae from unpolluted sites incubated in replicated bioassays deployed at 
increasing distances from fish cages. The experiment was performed in three fish farms, two in 
the Mediterranean Sea (Catalonia and Murcia) and one in the Atlantic (Canary Islands). 
Additional measurements of total N content were performed in the incubated macrophytes to 
assess if N was arriving in excess to the plant. The results obtained in this study are analyzed 
and discussed in order to provide reliable estimates of the extent of the dispersal area of the 
aquaculture wastes in the coastal environments, meaningful information requested by coastal 
planners to manage aquaculture development and reduce its environmental risk on sensitive 
habitats.  
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Materials and Methods  
 
Study sites  
The study was performed in three offshore fish farms located in warm-temperate areas of the 
Spanish coast. One was located in the Atlantic Ocean, in the coast of Tenerife Island (Canary 
Islands) and two in the western Mediterranean Sea (Murcia and Tarragona -Catalonia coast-) 
(Fig. 1). In the Canary Islands fish farm, the annual production during the year of study was 
about 375 tons. The species farmed were sea bream (Sparus aurata) and sea bass 
(Dicentrarchus labrax). Murcia fish farm produced about 350 tons of Atlantic blue fin tuna 
(Thunnus thynnus). This facility was at the southern end of a larger complex of seven fish farms 
concentrated in an area of 1.47 km2 and with a total annual production of 6,197 tons of blue fin 
tuna, sea bream and sea bass. In Catalonia, the annual production of the fish farm was about 800 
tons of sea bream. This farm was located northward the delta of the Ebro River. All fish farms 
selected were located in soft, unvegetated bottoms between 20 and 40 m deep. Besides the fish 
farm, no other local source of pollution was present in the selected study sites.  The study was 
carried out between July and August in 2006, a season of the year (summer) in which light, 
temperature and fish production are at its maximum in all locations. One experiment was 
performed in each fish farm, except in Murcia, where the experiment was performed twice (i.e. 
in two consecutive periods) to assess temporal variability of the spatial patterns analyzed. 
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Figure 1:  Sample sites map. 
 
Experimental design  
The settings of the bioassay parameters (i.e. algae species, incubation depth and time and 
distances from fish cages) were selected from a previous pilot study performed one year before 
at the same study cases (García-Sanz et al., in press). At each study site, the day prior to the 
bioassay deployment, macroalgae samples were collected from natural algae communities of 
nearby unpolluted sites. Stypopodium zonale (Lamouroux) was used in the Canary Islands study 
site, Dyctiopteris polypodioides (De Candolle) was used in Murcia fish farm and Cystoseira 
mediterranea (Sauvageau) was used in Catalonia fish farm. Macroalgae were maintained in 
coolers with well-aerated seawater under low light conditions to minimize physiological stress 
by changes in light and temperature. Ten samples were separated from the bulk of collected 
plant material and keep frozen until the time of analysis to determine natural values of the 
variables analyzed (i.e. reference values).  
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At each fish farm we choose two different directions in order to assess spatial 
anisotropy of nutrient gradients around fish farm due to hydrodynamic factors: one parallel to 
the coastline (DI) and other perpendicular (DII), toward the coast (Fig. 2).  
 
 
 
 
Figure 2: Diagram of the experimental design developed in this study. 
 
The direction of D1 was selected for each case based on the dominant current direction 
established from data available in their respective monitoring programs. At each direction, 
bioassays were deployed at increasing distances from fish cages, being the largest distance 
considered as a control site representative of a natural, unpolluted condition. The set of 
distances was selected for each study case (Table 1) accordingly with the information obtained 
in the previous pilot study (García-Sanz et al., in press). In the Murcia study case, and based in 
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this and other previous study (Ruiz et al., in press), we were obligated to establish the control 
site in a marine protected area located 14 km southward; the large spatial scale of wastes 
derived from this large fish farm complex and the possible influence of other pollution sources 
(Ruiz et al., in press) justify this decision. The same control site was used to analyze nutrient 
gradients in DI and DII directions.   
  
Table 1 Distances of macroalgal bioassays from the fish farm cages at each study site 
along two different directions (DI and DII). 
 
 
 
 
 
 
 
 
 
For each direction, three buoys (B1, B2 and B3) combined with a rope and a weight, 
were installed within each distance in three aligned sites separated 25 m among them as 
represented in Figure 2. A bioassay unit consisted in a piece of macroalgae (25-50 g fresh 
weight) housed into a incubation chamber made of  1 cm plastic mesh cylinders of 9 cm 
diameter and 15 cm height (Fig. 2). For each site, four of these units were attached to the rope of 
each buoy at a depth of 5 m from the sea surface and collected after 4-6 days (García-Sanz et 
al., in press). This represent a nested sampling design (Quinn and Kenough 2002) used to 
partition the spatial variability of the measured variables (δ15N and %N) into small-scale (i.e. 
between sites within each distance) and large-scale (i.e. across distances) variability. Plant 
material contained in each incubation device was cleaned with deionized water, stored in 
labelled plastic bags and kept frozen until analysis.  
Fish farm Distances from fish farm (m) 
Canary Islands 0 25 50 100 200 500 1000 
Murcia 0 75 260 520 1100 2700 15000 
Catalonia 0 50 100 200 500 DI: 1000 DII: 800 
DI: 2000 
DII: ----- 
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Analysis of plant material  
All macroalgae samples were dried at 60ºC to constant weight for 24 hours, ground using an 
agate mortar and pestle and preserved in a desiccator at room temperature. From each sample, 
between 1.8 and 2 mg of dry weight was encapsulated to determine total nitrogen content (% N) 
and the stable isotope ratio (δ15N).   
The isotopic analysis technique was based on the two naturally occurring atomic forms 
of nitrogen 14N and 15N (Mariotti, 1983). By measuring the ratio of 14N and 15N in dried plant 
tissue, the relative amount of 15N or δ15N in the plant can be determined as the relative 
difference between the sample and a worldwide standard (atmospheric N2) using the following 
equation (Peterson and Fry, 1987): 
δ15N = (15N/14Nsample / 15N/14Nstandard -1) x 1000 
The nitrogen stable isotope ratio and total N content were determined using a 
continuous flow isotope ratio mass spectrometer (Thermo Finnigan Delta Plus IRMS). This was 
carried out after combustion in an elemental analyzer Flash EA from TermoFinnigan coupled 
via a ConFlo II from Finnigan MAT with the elemental analyzer. The ratio δ15N value was 
expressed in per mil (‰). The internal laboratory standard employed was acetanilide. δ15N of 
particulate fish farm effluents (faeces, fish feed) were also analyzed. 
 
Statistical procedures 
At each study site and for each direction, a nested ANOVA model was used to test the null 
hypothesis that δ15N and % N in plant tissues (dependent variables) were similar between and 
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within distances. A two factor model was considered being “distance” a fixed factor with seven 
levels (defined in Table 1) and “site” (buoy) a random factor nested in “distance” with three 
levels (B1, B2 and B3), with the bioassays units (n=4) as the residual error. Before analysis, 
Cochran’s C-test was used to assess the homogeneity of variances and data were transformed 
when necessary. Differences were considered significant if p<0.05. When variances did not 
meet the assumption of homocedasticity, a probability level of 0.01 was used to reduce the 
possibility of a Type I error (Underwood, 1997). A post-hoc Student-Newman-Keuls (SNK) test 
was used to compare means values after significant effects in ANOVA was detected. In 
addition, variance components of the ANOVA model were calculated (Quinn and Keough 
2002) for qualitative comparisons of spatial patterns. Statgraphics Plus 5.1 data analysis 
software package was used for the statistical analysis. 
Spatial patterns of δ15N were analyzed also to determine the maximum distance at 
which fish farm wastes are dispersed from fish cages. To this end mean values of this variable 
obtained in each distance were normalized to the mean of the control site (i.e. the largest 
distance considered in each study case) and expressed in relative units as a net increment of this 
value. By definition this normalized variable ranges between 0 in the control distance and 1 in 
the fish cage. Spatial patterns of δ15N were then described by fitting, using least square 
regression analyses, a negative exponential equation to the relationship between distance and 
the relative net increment of this variable. This equation was selected since it produced the best 
adjustable model to the spatial patterns obtained. The maximum distance of fish farm dispersal 
was calculated from each equation by considering a relative net increment of δ15N equal to 0.2. 
We consider this value as a threshold above which fish farm wastes cause an effect on this 
variable clearly differentiated from that caused by natural variability, measured in natural 
macroalgae populations (i.e. reference values in this study). Regression analyses were 
performed using the non-linear curve fitter module of the software package SigmaPlot 10.0.                       
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Results    
 
 
Nitrogen stable isotope ratios (δ15N)  
Nitrogen stable isotope ratios (δ15N) in the macroalgal bioassays deployed at control sites 
showed similar values to that obtained in the reference samples (p-value>0.05; Table 2). On the 
other hand, the analysis of δ15N in macroalgal bioassays deployed at different distances from 
fish farms showed a significant increase towards the cages in all fish farms studied (Fig. 3 and 
Table 3).  
 
Table 2 Measurements of δ15N and % N in macroalgae collected from unpolluted sites at each study 
site. 
 
 
At the Canary Islands fish farm, mean δ15N values of Stypopodium zonale increased 
from 2.7 ± 0.07 ‰ at control sites to 3.4 ± 0.06 ‰ at sites closest to the farm in the direction DI 
and from 3.2 ± 0.06 to 3.5 ± 0.05 ‰ in the direction DII. Mean values were significantly higher 
than control means up to the 500 m distance for DI and 25 m distance for DII (SNK, p=0.05; 
Fig. 3). The distance from fish farm accounted for a 36.4 to 53.2 % of the total variation, but the 
relative contribution of the variability between bioassays (i.e. error term) was equally important 
(46.8-55.1 %) (Table 3). In the Murcia study case, mean δ15N values of Dyctiopteris 
polypodioides obtained in the first experiment (Murcia A) increased from 3.0 ± 0.05 ‰ at 
Reference values 
Fish farm Specie 
δ15N (‰) Total  N (%) 
Canary Islands Stypopodium zonale 2.7 ± 0.06 1.5 ± 0.05 
Murcia Dyctiopteris polypodioides 2.8 ± 0.02 2.0 ± 0.05 
Catalonia Cystoseira mediterranea 5.9 ± 0.13 1.5 ± 0.07 
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control sites to 4.1 ± 0.07 ‰ near the farm in the direction DI and from 3.0 ± 0.05  to 3.9 ± 0.05 
‰ in the direction DII. For both directions, mean values were maintained higher than control 
means up to the 2,700 m-distance, although such difference was more clear for D1 than for DII 
(SNK, p=0.05; Fig. 3). In the second experiment (Murcia B) mean δ15N values increased from 
2.7 ± 0.06 ‰ at control sites to 4.1 ± 0.08 ‰ near the farm in the direction DI and from 2.7 ± 
0.06 to 4.1 ± 0.07 ‰ in the direction DII. In this experiment, mean values were significantly and 
clearly  higher than control means up to 1,100 m in DI and 2,700 m in DII (SNK, p=0.05; Fig. 
3). In this study case, variability of δ15N values in macroalgal bioassays were mainly accounted 
by the distance from fish farm (71.2-83.7 %; Table 3). In the Catalonia study case, δ15N values 
of Cystoseira mediterranea increased from 5.9 ± 0.07 ‰ at control sites to 6.5 ± 0.08 ‰ near 
the fish farm in the direction DI and from 5.9 ± 0.07 to 6.4 ± 0.06 ‰ in the direction DII. Mean 
values were significantly and clearly higher than control means up to the 50 m-distance for both 
directions (SNK, p=0.05; Fig. 3). The component of the variance was similar for all levels 
considered in the ANOVA model (25.3-37.7 %; Table 3).   
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Figure 3: Nitrogen isotopic ratio (δ15N) in macroalgae incubated at different distances from fish farm in 
the Canary Islands (Stypopodium zonale), Murcia (Dyctiopteris polypodioides) and Catalonia (Cystoseira 
mediterranea). For each species of macroalgae the results for two directions (DI and DII) are shown. For 
Murcia the results of two identical but separated in the time experiments are presented (Murcia A and 
Murcia B). Vertical bars correspond to the standards error of the mean. 
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Table 3 Summary of results of a nested ANOVA and estimated variance component (% var.) on nitrogen 
stable isotope ratios (δ15N) in macroalgae tissues incubated in three different study sites at different 
distances from fish farm. Each distance was replicated three times along two different directions (DI and 
DII). For Murcia the results of two identical but separated in the time experiments are presented (Murcia 
A and Murcia B). * p< 0.05; ** p < 0.01; *** p<0.001; ns= not significant. 
 
 
 
 
 Canary Islands        
 Direction I      Direction II     
 df MS % var. p  df MS % var. p 
distance 6 0.78 53.2 ***  6 0.24 36.4 *** 
site (distance) 14 0.02 0.0 ns  14 0.04 8.5 ns 
Error 63 0.05 46.8   63 0.03 55.1  
          
 Murcia A       
 Direction I      Direction  II     
 df MS % var. p  df MS % var. p 
distance 6 1.57 81.8 ***  6 1.25 71.2 *** 
site (distance) 13 0.05 3.2 ns  14 0.05 3.4 ns 
Error 59 0.02 15.1   62 0.04 25.4  
          
 Murcia B       
 Direction  I      Direction  II     
 df MS % var. p  df MS % var. p 
distance 6 2.40 83.7 ***  6 2.40 81.9 *** 
site (distance) 13 0.07 3.9 *  11 0.11 6.7 ** 
Error 55 0.03 12.4   53 0.03 11.4  
          
 Catalonia       
 Direction   I      Direction  II     
 df MS % var. p  df MS % var. p 
distance 6 0.65 32.8 ***  5 0.63 25.3 *** 
site (distance) 12 0.24 34.1 ***  12 0.24 37.0 *** 
Error 45 0.05 33.1   43 0.05 37.7  
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Regression equations fitted to the δ15N data normalized to the control mean (i.e. relative 
net increments) and the calculated maximum distances of dispersal, are shown in Table 4 and 
represented in Figure 4. The maximum distance at which the nitrogen is dispersed from the fish 
farm was different both between study sites and directions (DI and DII). In the Canary Islands 
fish farm, this distance was 4-fold higher in DI (570 m) than in DII (138 m). Nonetheless in DII, 
δ15N signatures were 16% higher than reference values indicating that the 1000 m distance was 
not an appropriate control in this case and hence the maximum distance estimated for DII is 
likely an underestimation of the real extent. In the Murcia study case, the calculated maximum 
distances were the highest of the three study sites. In the first experiment (A), the maximum 
distance was 3-fold higher in DI (2006 m) than in DII (675 m) and showed an opposite spatial 
pattern in the second experiment (B) with dispersal distances 1.8-fold higher in DII (1458 m) 
than in DI (800 m). The maximum distance obtained for the Catalonia fish farm was the shortest 
of the three fish farms studied, with 76 m in DI and 106 m in DII. 
Table 4 Summary of statistic results of different regression models between δ15N values of macroalgae 
and distances from fish farm in different study sites and for each study direction (DI and DII). Distances 
below y= 0.2 correspond to the maximum area of influence of fish farms wastes. For Murcia the results of 
two identical but separated in the time experiments are presented (Murcia A and Murcia B). * p< 0.05; ** 
p < 0.01; *** p<0.001; ns= not significant. 
 
Fish farm Var.  Direction Regression equation y = a*exp (-b*x) 
 
 
df R
2
adj 
 
 
Freg 
 
 
p-value 
Maximum 
distance  
 (m) 
I y = 0.93*exp (-0.0030*x) 6 0.90 55.2 *** 570 ± 128 Canary 
Islands δ15N II  y = 1.08*exp (-0.0122*x) 6 0.95 117.8 ∗∗∗ 138 ± 20 
I y = 0.81*exp (-0.0007*x) 6 0.82 28.4 ** 2006 ± 450 
Murcia A δ15N 
II y = 0.82*exp (-0.0021*x) 6 0.82 27.7 ** 675 ± 221 
I y = 0.84*exp (-0.0018*x) 6 0.89 47.2 ** 800 ± 173 
Murcia B δ15N 
II y = 0.86*exp (-0.0010*x) 6 0.86 36.5 ** 1458 ± 364 
I  y = 1.05*exp (-0.0217*x) 6 0.70 12.7 * 76 ± 51 
Catalonia δ15N 
II y = 1.03*exp (-0.0156*x) 6 0.94 67.9 ** 106 ±  18 
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Figure 4: Graphic relationship between nitrogen isotopic ratio (δ15N) in macroalgae and distances from 
fish farm in the Canary Islands (Stypopodium zonale), Murcia (Dyctiopteris polypodioides) and Catalonia 
(Cystoseira mediterranea). The results of macroalgae for two directions (DI and DII) are shown. For 
Murcia the results of two identical but separated in the time experiments are presented (Murcia A and 
Murcia B). Vertical bars correspond to the standards error of the mean. 
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Total N content (% N)  
Total nitrogen content (% N) in the macroalgal bioassays deployed at control sites showed 
similar values to reference samples (p-value>0.05) in all study cases except in Catalonia where 
control values of % N were lower than the reference values (p-value<0.05; Table 2). The 
analysis of % N in macroalgal bioassays deployed at different distances from fish farms showed 
significant differences between incubation points along the two transects directions of each 
study site (Fig. 5 and Table 5). At the Canary Islands fish farm, mean % N values of 
Stypopodium zonale increased from 1.4 ± 0.05 % at control sites to 2.5 ± 0.1 % at sites closest 
to the farm in the direction DI and from 1.5 ± 0.03 % to 2.1 ± 0.1 % in the direction DII. Mean 
values were significantly higher than control means down to the 25 m distance for DI and up to 
500 m distance for DII (SNK, p=0.05; Fig. 5). The distance from fish farm accounted for a 48.7 
to 63.3 % of the total variation, but the relative contribution of the variability between bioassays 
(i.e. error term) was equally important (36.7-51.0 %) (Table 5). In the Murcia study case, mean 
% N values of Dyctiopteris polypodioides obtained in the first experiment (Murcia A) increased 
from 1.9 ± 0.06 % at control sites to 2.9 ± 0.1 % near the farm in the directions DI and DII. For 
both directions, mean values were maintained higher than control means up to the 2,700 m-
distance (SNK, p=0.05; Fig. 5). In the second experiment (Murcia B) mean % N values 
increased from 1.9 ± 0.06 % at control sites to 2.7 ± 0.08 % near the farm in the direction DI 
and from 1.9 ± 0.06 to 2.7 ± 0.05 % in the direction DII. In this experiment, mean values were 
significantly and clearly higher than control means up to 1,100 m in DI and 2,700 m in DII 
(SNK, p=0.05; Fig. 5). In this study case, variability of % N values in macroalgal bioassays 
were mainly accounted by the distance from fish farm (58.8-79.9 %; Table 5). In the Catalonia 
study case, % N values of Cystoseira mediterranea increased from 1.1 ± 0.03 % at control sites 
to 1.3 ± 0.02 % near the fish farm in the direction DI and from 1.2 ± 0.04 to 1.4 ± 0.02 % in the 
direction DII. Mean values were significantly and clearly higher than control means down to the 
25 m-distance for both directions. In this study case, variability of % N values in macroalgal 
bioassays were mainly accounted by the variability between bioassays (i.e. error term) (55.1-
59.7 %; Table 5).   
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Table 5 Summary of results of a nested ANOVA and estimated variance component (% var.) on total N 
content (% N) in macroalgae tissues incubated in three different study sites at different distances from 
fish farm. Each distance was replicated three times along two different directions (DI and DII). For 
Murcia the results of two identical but separated in the time experiments are presented (Murcia A and 
Murcia B). * p< 0.05; ** p < 0.01; *** p<0.001; ns= not significant. 
 
 
 Canary Islands       
 Direction I      Direction II     
 df MS % var. p  df MS % var. p 
distance 6 1.37 63.3 ***  6 0.61 48.7 *** 
site (distance) 14 0.05 0.0 ns  14 0.05 0.3 ns 
Error 63 0.06 36.7   62 0.05 51.0  
          
 Murcia A       
 Direction I      Direction II     
 df MS % var. p  df MS % var. p 
distance 6 1.68 65.3 ***  6 1.50 58.8 *** 
site (distance) 13 0.09 2.7 ns  14 0.11 4.7 ns 
Error 60 0.06 32.0   59 0.07 36.5  
          
 Murcia B       
 Direction I      Direction II     
 df MS % var. p  df MS % var. p 
distance 6 1.62 67.2 ***  6 1.87 79.9 *** 
site (distance) 13 0.08 3.2 ns  11 0.04 1.1 ns 
Error 58 0.06 29.6   52 0.04 19.0  
          
 Catalonia       
 Direction I      Direction II     
 df MS % var. p  df MS % var. p 
distance 6 0.03 14.7 ***  5 0.05 23.7 *** 
site (distance) 12 0.02 25.6 **  12 0.02 21.2 ns 
Error 55 0.01 59.7   45 0.01 55.1  
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Figure 5: Total nitrogen content (% N) in macroalgae incubated at different distances from fish farm in 
the Canary Islands (Stypopodium zonale), Murcia (Dyctiopteris polypodioides) and Catalonia (Cystoseira 
mediterranea). For each species of macroalgae the results for two directions (DI and DII) are shown. For 
Murcia the results of two identical but separated in the time experiments are presented (Murcia A and 
Murcia B). Vertical bars correspond to the standards error of the mean. 
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Discussion  
 
 
Our results show that the analysis of nitrogen stable isotope ratio (δ15N) in macroalgae 
bioassays is a reliable tool for quantitative characterizations of the spatial patterns of farm 
wastes dispersal in off-shore environments. These findings agree with results from similar 
incubation experiments carried out by Lin and Fong (2008) and Costanzo et al. (2001), in 
relation to the spread of shrimp farm and urban wastes, respectively, in coastal environments. 
The increment of δ15N in macrophyte tissues incubated close to the fish cages (in relation to 
control distances and reference values) reflect the enrichment in this isotope typically measured 
in aquaculture wastes (7-11 ‰ Sarà et al., 2004; Lojen et al., 2005; Vizzini and Mazzola, 2006) 
and in any other dissolved and particulate sources of anthropogenic origin (7-13.5 ‰ e.g. 
Costanzo et al., 2001; Cole et al., 2004; Deutsch and Voss, 2006). Similarly, decreasing trends 
of δ15N values across distances from fish cages reported in this study can be explained by the 
mixing of farm wastes with oceanic sources, which typically show lower δ15N signatures (3-4 
‰ e.g. Lojen et al., 2005). The ability of macrophytes to directly reflect the availability and 
isotopic composition of N sources is due to its capacity to uptake and store N excess in their 
tissues and the small or null fractionation during N uptake across a wide range of nutrient 
concentrations (Cohen and Fong, 2005; Lin and Fong, 2008). Therefore, spatial patterns of δ15N 
described in this study using macroalgae bioassays clearly represent the dilution of farm wastes 
as they are dispersed away from fish farms by local hydrodynamic forces.    
In the Murcia study cases (A and B), there was a good agreement between changes in N 
and δ15N observed in tissues of D. polypodioides across the incubation distances, likely because 
N availability is enough high to merit storage of N excess in their tissues. However, this was not 
the case of the Canary Islands experiment, and especially for the bioassays deployed along the 
DII direction (Figs. 3 and 5). In this case, total N content of S. zonale decreased to control and 
reference values immediately after the 0 meters distance (i.e. between 25 and 1000 m), but high 
138 Chapter 4 
 
δ15N values were observed even at the largest distance (1000 m, 16.1% higher than mean 
reference values). In absence of other anthropogenic N sources in the area, this result suggest 
that the influence of farm wastes extended beyond the 1 km distance and hence it can not be 
considered as an appropriate control in this case (see results section also). This discrepancy 
between total N content and δ15N values was also reported by Lin and Fong (2008) using the 
tropical macroalga Acanthophora spicifera in a similar experiment aimed to test the 
effectiveness of macroalgal bioindicators in assessing nutrient enrichment caused by shrimp 
farm wastes. These authors explained such discrepancy by the fact that excess nitrogen was 
being used primarily for growth and no long term storage of N took place, as has been 
experimentally demonstrated for other macroalgae species (e.g. Fong et al. 2004). Since we did 
not measure algal growth rates, we can not confirm such hypothesis in our case, but these 
results support the general contention that N isotopes are more sensitive to dissolved nutrients, 
as they are able to detect the influence of anthropogenic N sources at larger distances and lower 
concentrations (Sarà et al., 2004; Jones et al., 2001; Lin and Fong, 2008; Ruiz et al., in press). 
Comparison between total N content and δ15N values of Cystoseira mediterranea in the 
Catalonia study case also support such contention.   
Differences in spatial patterns of N content and δ15N in macrophytes could be accounted 
by species-specific characteristics of their nutrient physiology and growth (e.g. Deutsch and 
Voss 2006, Gartner et al., 2002), but at least a part of our results suggest that such differences 
respond to farming and environmental features more than to taxonomic factors. Thus, 
differences in maximum distances of waste dispersal (i.e. calculated from regression equations 
fitted to δ15N data) for Murcia and Canary Islands fish farms match with their contrasting 
differences in fish production, food supply and cultured fish species of both facilities. Mean 
maximum distances obtained in the Murcia study cases were in the range 600-2000 m, which is 
up to one order of magnitude higher than those obtained in the Canary Island study case (100-
570 m). Accordingly, annual fish production in the Murcia farm complex was 16-fold higher 
than in the Canary Island farm. Furthermore, blue fin tune cultured in the Murcia farm are 
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known to have lower feed conversion efficiencies (20/30:1; Vita et al., 2004; Aguado-Giménez 
and García-García, 2005) and higher production of dissolved N wastes (mg N Kg fish-1 day-1; 
Aguado-Giménez et al., 2006) than in conventional species cultured in the Canary Island farm. 
These results agreed with the positive correlation founded between δ15N values in aquatic 
macrophytes and total N loads entered into aquatic ecosystems (e.g. Cole et al., 2005). 
However, results obtained for the Catalonia farm does not fit well to this relationship. In this 
case the maximum dispersal distance was of only 106 m but fish production was more than 
twice that that sustained by the Canary Island farm. In effect, C. mediterranea bioassays showed 
the lowest capacity to reflect both N excess and isotopic N signatures of farm wastes: increment 
of mean values of both variables at the 0 m-distance (9-15%) was considerably lower that that 
observed in the Canary Island farm at the same position (26-74%). In absence of additional 
information, there is not a clear explanation for this reduced sensitivity to nutrient availability, 
but some ideas can be addressed. In the case of δ15N, high initial values of C. mediterranea (5.9 
‰) prevent further increase in incubated tissues since these values are very close to the N 
signature of farm wastes. A similar situation was described for other macroalga species unable 
to reflect demonstrated gradients of nutrient availability along a estuary (i.e. Fucus vesiculosus, 
Deutsch and Voss, 2006); in the other two study cases, the higher responses observed are 
consistent with the lower initial values of the alga species used, which are closest to isotopic N 
signals reported for natural water column sources (2-4 ‰; Costanzo et al., 2001; Cole et al., 
2004). The initial δ15N values of C. mediterranea was much higher that those measured in other 
Mediterranean Cystoseira spp growing in pristine environments (2.26 ± 0.1 ‰,  Pinnegar and 
Polunim, 2000) and close to the δ15N values of anthropogenic DIN sources (5.2-7.8 ‰) 
(Umezaba et al., 2002; Deutsch and Voss, 2006). Therefore, is possible that large-scale 
gradients of anthropogenic inputs from the neighbour Ebro River are masking the effect of 
spatial nutrient gradients of farm wastes. The presence of anthropogenic nutrient sources, 
different to that we wish to trace, is in fact an important confounding factor in this kind of 
applications of the isotope techniques (Fourqurean et al., 1997; Lepoint et al., 2004). Species-
specific characteristics (e.g. nutrient uptake and growth rates) are also responsible for the 
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differential sensitivity of incubated macroalgae species to altered N availability and isotopic 
composition (e.g. Gartner et al., 2002, Deutsch and Voss, 2006). C. mediterranea belongs to a 
functional form group with lower growth and uptake rates than foliose forms similar to the other 
species tested (Wallentinus, 1984), but more precise data would be required to consider this 
possibility.     
The analysis performed in this study also indicate a clear spatial anisotropy of waste 
dispersal, as maximum distances of the extent of waste dispersal obtained with δ15N data were 
always higher in one direction than in the other. This effect has been typically described in 
simulations of farm waste dispersal obtained from computing particle tracking models using 
current meter data (e.g. DEPOMOD model, Cromey et al., 2002), and merely reflect the 
direction and speed of the dominant current. Relationships between current speed and direction 
and the spatial extent of farm wastes have been demonstrated by Sarà et al. (2006). We have not 
quantitative data of local currents during the experimental periods, but the largest distance 
obtained in each case coincided with the direction of dominant winds and surface currents 
observed in the field during that period. In the Murcia study case, the change in the main 
dispersion directions between experiments A (DI) and B (DII) was consistent with changes in 
wind and surface current directions due to changing weather conditions. Previous works 
performed in the Murcia study site (Ruiz et al., in press) showed that elevated δ15N signatures 
measured in the epiphytic community of a seagrass (Posidonia oceanica) meadow located 2.8 
km SW the fish farm was mainly caused by the dispersal of farm wasted in this direction. In the 
Murcia experiment A, the largest dispersal distance was observed just in that direction (i.e. DI, 
SW) and was estimated in ca. 2 km. Therefore, at least in this case, there is a high 
correspondence between the spatial extent of farm wastes estimated from our bioassay 
experiment and that measured in nearby benthic communities.     
In conclusion, results obtained in this study demonstrate that the macroalgal bioassay 
used can provide reliable and useful information to determine the spatial extent of off-shore 
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farm wastes at a large range of spatial scales. Since this information is crucial to evaluate 
environmental risk on sensitive habitats (and hence for management of the off-shore aquaculture 
industry in many coastal zones), its advantages and effectiveness must be considered as a real 
alternative or complement to the traditional methods based on physico-chemical measurements 
of water quality. Furthermore, the bioassay method has been shown to be sensitive to reflect 
changes in husbandry parameters (e.g. total waste production) and local hydrodynamic 
conditions (e.g. speed and direction of currents) and hence can be a very useful tool to calibrate 
numeric models traditionally used to simulate waste dispersions. Nonetheless, some limitations 
and constrains of the method are highlighted from this study. Thus, for example, care must be 
taken in cases where other N sources can confound the bioassays responses to the fish farm 
wastes. Also, previous knowledge of the nutrient physiology of macroalga species would be 
required. Pilot studies should be conducted to solve these questions prior to the systematic 
application of the bioassay methods in the assessment of aquaculture impacts.      
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Evidencia experimental que apoya el uso de δ15N en tejidos de 
macroalgas como indicador de fuentes disponibles de N   
 
Resumen  
 
 
El uso de la composición isotópica del nitrógeno (δ15N) en tejidos de macroalgas para 
determinar fuentes de nitrógeno (N) se basa principalmente en el siguiente supuesto: el δ15N de 
los productores primarios refleja las fuentes de nitrógeno de manera predecible. Para comprobar 
esta hipótesis, se llevaron a cabo varios experimentos de laboratorio con la macroalga 
Cystoseira mediterranea (Sauvageau). En el primero, se modificó el δ15N del amonio de agua 
de mar manteniendo una concentración de NH4+ constante para determinar si las macroalgas 
reflejan la señal isotópica del medio. El δ15N de los tejidos incrementó con el δ15N suministrado; 
por lo tanto, no se produjo una selección de 14N frente al 15N (fraccionamiento). En el segundo 
experimento, mantuvimos el δ15N constante y variamos la concentración de NH4+ para 
determinar si se producía fraccionamiento dependiente de la concentración. No hubo relación 
entre la concentración de amonio del agua de mar y el δ15N de tejidos por lo que no se encontró 
fraccionamiento dependiente de la concentración. Finalmente, se incubaron macroalgas 
expuestas a piensos de pescado para corroborar que las macroalgas pueden reflejar la señal 
isotópica de esta fuente de N.  Este último experimento se realizó bajo diferentes condiciones de 
luz para evaluar el efecto de la variabilidad de la intensidad lumínica en el fraccionamiento de 
macroalgas. Nuestros resultados mostraron que C. mediterranea refleja mejor la señal isotópica 
de los vertidos de las granjas marinas en condiciones de luz que en condiciones de sombra. Este 
estudio demuestra que la acumulación de 15N en tejidos de macroalgas es predecible en un rango 
de δ15N y de concentraciones de N y que algunos factores ambientales, tales como la intensidad 
de luz, han de tenerse en cuenta a la hora de usar C. mediterranea para evaluar la disponibilidad 
de fuentes de N en estudios ecológicos.  
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Abstract  
 
 
The use of stable nitrogen isotope ratios (δ15N) in macroalgal tissues for determining nitrogen 
(N) sources is based mainly on the assumption that the δ15N of primary producers reflects N 
sources in a predictable manner. To test this assumption, we conducted several laboratory 
experiments with the macroalgae Cystoseira mediterranea (Sauvageau). First, we varied δ15N in 
seawater ammonium but with constant concentration of NH4+ to determine whether macroalgae 
reflects the isotopic ratio of the medium. Tissue δ15N increased with δ15N supplied; therefore no 
selection for 14N over 15N occurred (fractionation). Second, we held δ15N constant and varied 
concentrations of NH4+ to determine whether fractionation was concentration dependent. We 
found that there was no relationship between ammonium concentration in seawater and tissue 
δ15N, so no fractionation concentration dependent was found. Finally, we incubated macroalgae 
exposed to fish food to corroborate than macroalgae can reflect the isotopic signal of this N 
source. We perform this last experiment under varying light conditions to evaluate the effect of 
light variability on macroalgae fractionation. Our results showed that C. mediterranea reflect 
better the isotopic signal of fish farm wastes when it is exposed to high light conditions than to 
low light conditions. This study demonstrated that accumulation of 15N in macroalgal tissue was 
predictable over a range of water δ15N and N concentrations and that some environmental 
factors, as light intensity, must be taken into account for to use C. mediterranea to assess the 
availability of N sources in ecological studies.  
______________________________________________________________________ 
Keywords:  Nitrogen Stable isotopes (δ15N), Macroalgae, Light, Indicator.  
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Introduction   
 
 
Increasing human populations in coastal areas worldwide have caused increases in 
environmental and ecological change (Halpern et al., 2008). One of the principal impacts of 
human population growth is the increased production of nitrogen and phosphorus. Changes in 
the levels of nutrient availability have been shown to cause changes in the physical and 
chemical properties of the marine environment and changes in abundances of species in coastal 
ecosystems, including seagrass disappearance worldwide (e.g. Short and Wyllie-Echeverria, 
1996; Bokn et al., 2002; Tewfik et al., 2005; Burkholder et al., 2007). However, despite 
eutrophication has been invoked as a major cause of ecosystems degradation, the movement of 
nutrients through ecosystems continuous being difficult to measure directly.  
Stable nitrogen isotope ratios (δ15N) are increasingly using to determine nitrogen 
sources to ecosystems in ecological studies (Peterson and Fry, 1987; Aravena et al., 1993; 
McKinney et al., 2001; Lepoint et al., 2004; Fry, 2006). Many of these studies use natural 
abundance of δ15N in marine plants and algae as a tool to identified sources of nitrogen 
enrichment across a wide range of ecological systems (Erskine et al., 1998; McClelland and 
Valiela, 1998; Cole et al., 2004; Kaushal et al. 2006). These organisms reflect not only 
conditions at the time of sampling but also conditions to which the community was previously 
exposed showing a time-integrated estimate of exposure to natural and anthropogenic nitrogen 
sources. The analysis of δ15N in macroalgal tissues has been used with success to detect the 
spatial extent of land derived sewage (Costanzo et al., 2001; Gartner et al. 2002; Savage and 
Elmgren 2004) as well as indicator of fish-farm waste dispersal (Jones et al., 2001; Vizzini and 
Mazzola, 2004; Pérez et al., 2008; García-Sanz et al., in press). However, the use of marine 
algae in ecological studies based in the use of stable isotopes relies on an understanding of how 
isotope signatures of algal tissue reflect inorganic source nitrogen isotope signatures, and how 
these varies under varying physical conditions.  
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Nitrogen stable isotopes are viewed as useful tracers of enrichment because different 
sources of nitrogen often have characteristic and widely divergent signatures (Heaton, 1986). 
The underlying assumptions of the use of this technique are that the δ15N of sources are known 
and that primary producers take up 15N from the environment in proportion to availability in a 
predictable manner (Cifuentes et al., 1988). However, knowing the δ15N of sources may not be 
enough to establish where the N in primary producers was originated, because different N 
isotopes may not be taken up equally. Specifically, this approach will require that no 
discrimination between 14N and 15N occurs during uptake and posterior assimilation of nitrogen 
by the primary producer. 
For marine plants and algae, the process of discrimination between 14N and 15N that 
results in a difference between the δ15N signature of inorganic nitrogen in seawater, and the 
δ15N signature of the plant (i.e. ‘fractionation’) may occur at several stages. Discrimination 
during incorporation of DIN from seawater into algal tissues may occur during active uptake of 
DIN over the plasma membrane, and/or during reduction of NO3- to NO2- and subsequently to 
NH4+ (catalysed by nitrate reductase and nitrite reductase respectively), and finally during 
synthesis of amino acids and subsequent compounds (Needoba et al., 2004). If discrimination 
takes place within the algal cell to result in a fractionation effect between seawater DIN and 
algal tissue, heavier isotopes (which form slightly stronger chemical bonds), will be less 
represented in the product pools of these processes. Therefore, some of the isotopically heavier 
reactant pools need to be effused from the plant. 
Fractionation has been found to be concentration dependent with higher N availability 
across some primary producer groups (higher plant, bacteria, microalgae), resulting in a greater 
uptake of 14N and therefore lower δ15N in tissue (Wada and Hattori, 1978; Mariotti et al., 1982; 
Hoch et al., 1992; Waser et al., 1998a; McKee et al., 2002). For example, Pennock et al. (1996) 
examined diatom N fractionation under enriched conditions and found selection for 14N at all 
but the lowest concentrations (<20μM). Others works have found that light availability 
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(Heikoop et al., 1998; Needoba and Harrison, 2004) and N source (e.g. ammonium, nitrate) 
(Waser et al., 1998b) may also have some effect on fractionation during nitrogen incorporation 
in photoautotroph. However, to our knowledge, it is very little information available evaluating 
or even describing predictability of 15N behaviour in macroalgae under varying levels of nutrient 
availability or environmental conditions (but see Cohen and Fong, 2005; Cornelisen et al., 
2007). The few studies performed have used opportunistic green macroalgae (E. intestinalis and 
U. Pertusa). These studies provided evidences demonstrating that the species studied do not 
exhibit N isotope fractionation since variations in δ15N ratios were consistent with expected 
changes in the available source and signature of dissolved inorganic nitrogen assimilated by the 
algae.  
In this study we use controlled laboratory experiments to investigate if N fractionation 
occurred in the macroalga Cystoseira mediterranea (Sauvageau) under variable nitrogen and 
light environments. Experimental treatments are guided by environmental conditions found at a 
Spanish coastal site impacted by a fish farm discharge (García-Sanz et al., in press). The 
concrete goals of this study were to investigate if N fractionation occurred in this macroalga 
under varying nitrogen availability (experiment 1 and 2) and corroborate that C. mediterranea 
reflects changes in its isotopic signal when it is exposed to fish farm food to be used as indicator 
of fish farm wastes as well as investigate if N fractionation occurred in this macroalga under 
varying light conditions (experiment 3). To accomplish these goals, we measured algal 
responses including total N and δ15N content.  
 
Materials and Methods  
 
 
Sample collection. Pieces of the macroalgae Cystoseira mediterranea (Sauvageau) were 
collected from unpolluted rocky intertidal sites of the coast of L´Ametlla de Mar (Catalonia, 
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Spain). Species of the genus Cystoseira (Fucales, Cystoseiraceae) dominate Mediterranean 
upper sublittoral communities (Feldmann, 1937). This highly structured and productive 
community is observed in hydrodynamic environments and non-polluted waters (Ballesteros, 
1988) and is particularly sensitive to any natural or anthropogenic stress (Bellan-Santini, 1968; 
Ballesteros et al., 1984; Hoffmann et al., 1988; Soltan et al., 2001). The collected algae were 
preincubated during one night in coolers tanks with ample aeration and low light conditions to 
avoid further physiological stress by light and temperature, and in low-nutrient seawater (Kamer 
and Fong, 2001; Kamer et al., 2001). Six sub-samples were separated from the bulk of collected 
plant material to obtain natural range values of the variables analyzed for our experimental 
treatments (δ15N and total % N). All the experiments were performed between July and 
September 2007 at the University of Barcelona, Spain.  
Experiment 1. We conducted an experiment to determine if isotopic fractionation occurs in 
Cystoseira mediterranea during nitrogen uptake and assimilation. We varied δ15N (control, 5, 
10 and 20 ‰) in NH4+ but maintaining ammonium concentration constant and high enough to be 
non limiting. If there is not fractionation, we predict that the proportion of the two isotopes in 
the tissues will be the same as in the water ammonium.  
Macroalgae pieces (between 4.5 and 5 g of plant biomass) were incubated inside glass jars (1.5 
L) under controlled light and temperature conditions. Saturating irradiance was provided by 
fluorescent lamps (300-400 μM photons m-2 s-1) and algae were exposed to light cycles of 12 h. 
Temperature varied between 23 (night) and 29ºC (day) and adequate aeration and mixing was 
ensured by diffusers and air pumps. Treatment water was created by adding known amounts of 
isotopically heavy and light ClNH4 (Isotec, Inc., Miamisburg, OH, USA) to low-nutrient 
seawater. Specifically, we prepared three classes of treatment waters adding 20.0414, 20.1395 
and 20.3411 μg/l of ClNH415 and 5.32932, 5.32923 and 5.32903 mg/l of ClNH414 respectively to 
obtain solutions of 100μM with δ15N of 5, 10 and 20 ‰ each one. Initial isotopic ratio did not 
affect the final δ15N of the experiment treatments because concentrations of added nutrients 
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were several orders of magnitude greater than the background concentrations. In each 
experimental unit deployed (n=3) we added 1 l of treatment water. Algae were incubated during 
three days. Each day, the water of each jar was changed to maintain ammonium concentration 
around 100μM NH4+. This N concentration was high enough to avoid nutrient depletion 
throughout the 24-h duration and was chosen according the results of a previous experiment 
(non published results) where water samples from each experimental unit were analyzed for 
ammonium concentration to ensure that depletion of N was not occurring. After exposure to 
treatments, algal samples were analyzed for total nitrogen content (% N) and δ15N. 
Experiment 2. To determine if there is fractionation dependent on ammonium concentration, 
one-factor experiment was conducted varying NH4+ concentration but holding δ15N constant. If 
selection for 14N occurs, one would predict that as concentration decreases, 14N availability 
decreases, 15N will then be used, so tissue δ15N will increase. Thus, fractionation would result in 
a negative relationship between ammonium concentration and δ15N. We exposed algal tissue to 
70, 100, 130, 160 and 200 μM solutions of NH4Cl during 24-h (n=2). Experimental treatment 
water was created by mixing known amounts of heavy and light NH4Cl in low nutrient seawater 
to get a 500- μM N solution with a δ15N approximately 5 ‰. We diluted the stock water with 
low-nutrient seawater to achieve a range of concentration. Experimental setup and culture 
conditions were as described for the first experiment.  
Experiment 3. A two-way experiment was performed to evaluate if δ15N values of macroalgae 
tissues exposed to fish farm food reflect the δ15N of the source. We perform this experiment 
varying light conditions to determine whether fractionation was light dependent. Macroalgae 
were incubated during 24-h in treatment water, created by mixing a known amount of fish food 
(5 g) in low-nutrient seawater. The two experimental light conditions were High Light (300-400 
μM photons m-2 s-1) and Low Light (50-100 μM photons m-2 s-1). Collection, experimental setup 
and culture conditions were as described earlier. δ15N of particulate fish farm food were also 
measured.  
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Laboratory analyses. Ammonium concentration in the water samples of the experiment 1 was 
determined by the phenol-hypochlorite method (Solorzano, 1969). For the rest of analysis, algal 
tissue was removed from the experimental units, spun for 1 min in a lettuce spinner to remove 
excess water, wet weighed, briefly rinsed with deionized water to remove external salts, and 
dried at 60ºC to constant weight. Dried samples were homogenized by grinding with a mortar 
and pestle, and preserved in a desiccator at room temperature. A subsample was analyzed for 
tissues N content (% N total) and δ15N. Total N and δ15N content were determined using a 
continuous flow IRMS (ThermoFinnigan FlashEA1112 and a mass spectometer DELTAplus 
with an interface of continuous flow ConFlo II of Finnigan MAT) for high precision analysis of 
combusted solid samples at natural abundance and for analysis of trace gases. The 15N data 
(δ15N) were presented as the per mil (‰) deviation of that sample from the isotopic composition 
of a reference compound: 
δ15N (‰) = (Rsample / Rstandard) – 1) x 103   
where, R is the isotope ratio (15N: 14N) and the reference compound is atmospheric N2 with a 
ratio of (0.0036765). Therefore, the δ15N of air (1000·[(0.0036765/0.0036765)-1]) is considered 
to be 0 ‰ for δ15N measurements (Hoch et al., 1992; Waser et al., 1998 a,b). 
Statistical analysis. Data were tested to ensure they met the assumption of parametric statistics 
by examining frequency histograms of the raw data as well as the distribution of residuals. No 
transformations were necessary. Differences between treatments in the different experiment 
were analyzed by one or two-factor ANOVA d a post-hoc Tukey honest significant difference 
(HSD) tests were used to examine the differences found significant by ANOVA. Statgraphics 
Plus 5.1 data analysis software package was used for the statistical analysis.  
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Results  
 
 
Experiment 1. Mean values of nitrogen stable isotope ratios (δ15N) and total N content (% N) in 
Cystoseira mediterranea tissue collected from unpolluted sites were 6.6 ± 0.3 and 1.4 ± 0.04, 
respectively (n=6). Tissue δ15N values obtained in this experiment were several orders of 
magnitude higher than those expected (5, 10 and 20 ‰). This was probably due to the difficulty 
in the weight of the extremely low quantities of ClNH415 added to the experimental water. But 
although the values were higher than the expected, the increments were maintaining following 
the δ15N supplied (Fig. 1 A, Table 1). These results follow our prediction that tissue δ15N show a 
significant increase with increasing water δ15N, so fractionation do not occurs. Total N content 
was similar in the three treatments (Fig. 1 B, Table 1).  
 
Table 1:  Results of one-factor ANOVA testing the influence of isotope ratios (experiment 1) and 
nutrient concentration (experiment 2) on δ15N and % N in macroalgal tissues. 
 
  
Variable 
  
SS  
  
df 
  
MS 
  
F 
  
p 
  
Experiment 1 δ15N      
 Between 1,683,090 2 841,546.0 63.23 0.0000 
 Within 292,814 22 13,309.7   
 Total 1,975,910 24    
       
 %N      
 Between 0.2506 2 0.1253 2.24 0.1302 
 Within 1.2306 22 0.0559   
  Total 1.4812  24        
Experiment 2 δ15N      
 Between 14,206.1 4 3,551.53 3.24 0.1408 
 Within 4387.5 4 1,096.87   
 Total 18,593.6 8    
       
 %N      
 Between 0.4765 4 0.1191 31.85  0.0009 
 Within 0.0187 5 0.0037   
  Total  0.4952  9       
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Figure 1: Values of A) nitrogen stable isotope ratios (δ15N) and B) total N content (% N) in Cystoseira 
mediterranea tissue exposed to different treatments (5, 10 and 20 ‰). Dotted lines represent initial δ15N 
and % N content. 
 
Experiment 2. There was no relationship between NH4+ concentrations and tissue δ15N (Fig. 2 
A, Table 1) suggesting that fractionation did not occurs with increasing seawater N availability. 
If fractionation were occurring, we expected that tissue δ15N would increase with decreasing N 
availability and it did not. On the other hand, we found an increase in total N content in 
macroalgae tissue following an increase in NH4+ availability (Fig. 2 B, Table 1). 
Experiment 3. Mean values of nitrogen stable isotope ratios (δ15N) and total N content in the fish 
food used in this experiment were 9.7 ± 0.3 and 7.5 ± 0.2, respectively (n=6). Tissue δ15N was 
significantly higher in macroalgae exposed to fish food than in control algae (Fig. 3 A, Table 2). 
δ15N ratios in Cystoseira mediterranea tissues exposed to fish food were close fish food ratios 
and they were significantly higher in High Light treatment than in Low Light treatment 
indicating the existence of light dependent fractionation. Total N content was similar in the two 
treatments with no differences between total % N of control and fish food treatment and 
between High light and Low Light conditions (Fig. 3 B, Table 2). 
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Table 2:  Results of two-way ANOVA examining the influence of nutrient source and light treatment 
(experiment 3) on δ15N and % N in macroalgal tissues.  
 
 
Variable Source of variation 
SS  
  
df 
  
MS 
  
F 
  
p 
  
       
δ15N Nutrient 20.65 1 20.65 15.21 0.0080 
 Light 5.16 1 5.16 3.80 0.0991 
 Nutrient*Light 8.36 1 8.36 6.16 0.0477 
 Residuals 8.15 6 1.36   
       
% N Nutrient 0.12 1 0.12 2.12 0.1837 
 Light 0.12 1 0.12 2.12 0.1837 
 Nutrient*Light 0.00 1 0.00 0.06 0.8145 
 Residuals 0.45 8 0.06   
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Figure 2: Values of A) nitrogen stable isotope ratios (δ15N) and B) total N content (% N) in Cystoseira 
mediterranea tissue after 24 h of exposure to 70-, 100-, 130-, 160-, and 200- μM concentrations of NH4+. 
Dotted line represents initial δ15N and % N content.  
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Figure 3: Mean values of A) nitrogen stable isotope ratios (δ15N) and B) total N content (% N) in 
Cystoseira mediterranea tissue exposed to control and fish food treatments (n=3) at different light 
conditions (High Light and Low Light conditions). Dotted line represents δ15N and % N content in fish 
food.  
 
 
Discussion 
  
The results obtained in the experiments presented here indicated that Cystoseira mediterranea 
do not present selection for 14N versus 15N atoms (fractionation) under varying nutrient features 
(ratios of δ15N) and nutrient availability (concentrations of N) conditions.  
Neither of our experiments (experiments 1 and 2) provided evidence that 14N was 
preferred or selected over 15N by C. mediterranea across the range of ratios of δ15N and 
concentrations of N tested. Although diatoms demonstrated strong preferences for 14N under 
conditions when N was not limiting (Pennock et al., 1996), our results suggest that C. 
mediterranea does not fractionate even when N supply is sufficient, as in the experiment 1. 
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Rather, C. mediterranea takes up 14N and 15N in direct proportion to supply in the source, 
suggesting that the alga may be useful for determining N sources in ecological studies. On the 
other hand, our results do not support concentration-dependent fractionation for C. 
mediterranea as has frequently been demonstrated for phytoplankton (Wada and Hattori, 1978; 
Cifuentes et al. 1989; Pennock et al. 1996). Instead, in the experiment 2, algae took up 15N in the 
same proportion across a wide range of concentrations. This agrees with others works studying 
other species of macroalgae (Cohen and Fong, 2005). 
Regards the results obtained varying light conditions we observed that δ15N in 
macroalgal tissues respond to alterations in light levels (experiment 3). We found higher δ15N 
values in plant incubated under high light conditions than in those incubated in low light 
conditions. Other studies found that plants that grown under low light conditions are 
isotopically depleted in heavier isotopes compared to plants from high light environments 
(Grice et al., 1996; Vizzini et al., 2003). So, light availability may lead to differential 
fractionation of the available isotope pools. The apparent positive discrimination for δ15N for 
ammonium in the light treatment is within the range of previous studies conducted on higher 
plants and microalgae (Wada and Hattori, 1978; Pennock et al., 1996; Waser et al., 1998a). 
Despite macroalgal uptake is controlled by light availability (Mann, 1982) we do not found 
differences in total N content between plants incubated in high and low light conditions. So, the 
quantity of nitrogen absorbed by the plant is not the responsible of differences in δ15N values.  
Effects of light availability on fractionation in macroalgae may be also mediated by 
other factors such as the source of nitrogen available to the plant. Dudley (2007) found that the 
effect of light reduction on fractionation during growth is dissimilar for nitrate and ammonium 
suggesting a strong relationship between light reduction and fractionation for ammonium-fed 
and a weak relationship between light reduction and fractionation during growth on nitrate. It 
was likely to the capacity of the studied alga Ulva sp. to store nitrate in unreduced form (Naldi 
and Wheeler 1999) that may result in low efflux of δ15N -enriched internal pools of unreduced 
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nitrate back into the external medium from Ulva sp. tissue even when nitrogen is supplied in 
excess to growth requirements as in the shaded conditions.  
Our results also demonstrated experimentally that the macroalgal isotopic composition 
is a good indicator of N derived from fish farms (experiment 3) similar to others studies have 
demonstrated with field measurements (Jones et al., 2001; Vizzini and Mazzola, 2004; Pérez et 
al., 2008; García-Sanz et al., in press). Macroalgae carry the history of the nutrients to which 
they were exposed for weeks, unlike the nutrients in phytoplankton that are completely turned 
over in a few days. So macroalgae could be good indicators of the spatial extent of dispersal of 
dissolved nitrogen derived from fish farms in offshore waters where is difficult to detect 
nutrient enrichment by means of standard physicochemical analyses due to the high 
hydrodynamic nature of this environment (Karakassis et al., 2001; Sarà, 2007). Our results show 
how macroalgae reflects the isotopic signal of the wastes derived from fish farm (fish food), but 
only in high light conditions. Then, possible variations in δ15N signatures due to variations in 
light intensity must be taken into account in the design of studies using δ15N signatures to infer 
sources of nutrient enrichment since δ15N in macroalgal tissue differs between macroalgae tissue 
sampled or incubated near the surface and at depth (Cornelisen et al., 2007; García-Sanz et al., 
in press).  
This work helps to illuminate some of the physiological mechanisms that may be 
important in fractionation of nitrogen during its assimilation into macroalgae, and have strong 
implications for a wide range of stable isotope approaches that rely on understanding of uptake 
of nitrogen isotopes to interpret nutrient and/or trophic pathways through ecological systems. 
One general consequence of these results concerns the application of δ15N ratios to infer 
patterns of eutrophication. Values of δ15N in study organisms are often evaluated over 
environmental gradients that can include factors that may co-vary with concentrations of 
enriched nitrogen. As a result, interpretation of patterns of nutrient enrichment may be 
confounded by environmental gradients (e.g., light or nutrient concentration) that affect the 
Evidencia experimental del uso de δ15Ncomo indicador de fuentes de N 
 
159
transfer of δ15N in organisms such as Cystoseira mediterranea. This study provides direct 
experimental evidences demonstrating that macroalgae did not exhibit N isotope fractionation 
under different ratios of δ15N and concentrations of N. However, light intensity must be taken 
into account since δ15N ratios respond to alterations in light levels. A macroalgal indicator 
would work best either in steady-state environments or as a bioassay where the algae is first 
cultured and then outplanted or incubated to the field. At this point, we can use macroalgae to 
detect differences in δ15N signatures at different locations by comparing them with one another 
but cannot deduce absolute δ15N values of the water column from tissue δ15N values without 
further studies investigating macroalgal fractionation. 
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Discusión general  
 
 
La investigación desarrollada en este trabajo, por una lado, ha aportado información sobre las 
respuestas fisiológicas de la fanerógama marina Posidonia oceanica a los vertidos procedentes 
de granjas marinas (Capítulo I) a la vez que ha demostrado la utilidad de algunas variables 
fisiológicas, y en especial de la señal de δ15N en los tejidos de las fanerógamas marinas 
(Posidonia oceanica y Cymodocea nodosa), como indicadora del destino de los aportes de N 
disuelto derivado de los vertidos de acuicultura en estos ecosistemas (Capítulo II). Por otro lado, 
se ha desarrollado y aplicado un método experimental para determinar el alcance espacial en la 
columna de agua de dichos vertidos basado en el análisis del δ15N en macroalgas mediante el 
empleo de bioensayos (Capítulos III y IV). Por último, se ha demostrado experimentalmente la 
eficacia del δ15N de las macroalgas para reflejar el nitrógeno procedente de los vertidos de las 
granjas marinas bajo diferentes condiciones ambientales de concentración de nitrógeno y de luz 
(Capítulo V). Dado que los resultados obtenidos ya han sido discutidos exhaustivamente en los 
capítulos correspondientes, en este apartado vamos a presentar una discusión más general sobre 
el potencial de los distintos indicadores aquí desarrollados y de las diversas aplicaciones que 
podrían tener para contribuir a mejorar la gestión de las granjas marinas en lo que se refiere, 
especialmente al impacto derivado de los nutrientes de sus efluentes.  
 
Las fanerógamas marinas y la acuicultura marina: impactos y respuestas. 
Los hábitats constituidos por fanerógamas marinas tienen una gran importancia ecológica 
debido a los beneficios y servicios que prestan al ecosistema (elevada producción primaria, 
control de la calidad del agua, sedimentación, biodiversidad) ampliamente reconocidos por la 
comunidad científica internacional (Larkum et al., 2006). De hecho, estos hábitats se encuentran 
expresamente protegidos por la Unión Europea en base a la Directiva 92/43/CEE, de 21 de 
mayo, del Consejo, relativa a la conservación de los hábitats naturales y de la fauna y flora 
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silvestres, por la cual las praderas de fanerógamas marinas  figuran como Lugares de Interés 
Comunitario (LIC).  
Las zonas costeras del Mediterráneo están en gran parte ocupadas por praderas de la 
fanerógama marina Posidonia oceanica (Green y Short 2003). Esta especie es  endémica de este 
mar y sus praderas ocupan grandes extensiones distribuyéndose entre los 0.5 y 30 m de 
profundidad y cubriendo un área de 25.000 a 50.000 km2, lo que representa un 1-2 % de la 
superficie del mar Mediterráneo (Pasqualini et al., 1998). Por otra parte, Cymodocea nodosa es 
otra especie de fanerógama marina que podemos encontrar formando praderas en el litoral 
Mediterráneo. Esta especie, de origen tropical, se encuentra actualmente restringida al 
Mediterráneo y al Atlántico nororiental, desde el sur de Portugal hasta Senegal, incluyendo las 
islas Canarias y Madeira (Marbà y Terrados, 2004). Su rango batimétrico de distribución va 
desde 1 a 2 metros en zonas muy abrigadas, hasta los 35-40 metros de profundidad (Reyes et al., 
1995).  
El desarrollo de la industria acuícola, en particular de la acuicultura marina en granjas 
off-shore ha generado un conflicto de intereses entre la ocupación del espacio marino por parte 
de los acuicultores y una adecuada conservación de los ecosistemas de fanerógamas marinas. 
Esto se debe a que las granjas marinas off-shore han de situarse a una distancia prudencial de los 
puertos para que su explotación sea económicamente rentable. Por lo tanto, estas granjas se 
suelen situar a una distancia de entre 1 y 3 km de la costa, con profundidades que varían de 20 a 
45 metros, zona que coincide con el área de distribución de las praderas de fanerógamas. 
Actualmente en España se están elaborando planes de ordenación de espacios aptos para la 
instalación de granjas marinas, sin embargo tan solo cuatro comunidades (Cataluña, Andalucía, 
Galicia y Murcia) han regulado en detalle la creación de zonas de interés de cultivos marinos. 
Estos planes consideran  incompatible el establecimiento de instalaciones acuícolas con la 
presencia de comunidades de fanerógamas marinas. Sin embargo, aunque esté expresamente 
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prohibido instalar granjas marinas sobre estos ecosistemas, los vertidos derivados de estas 
instalaciones pueden afectar a praderas que se encuentren en las inmediaciones de las mismas. 
Las praderas de Posidonia oceanica son muy vulnerables al enriquecimiento de 
nutrientes derivado de los vertidos de las granjas marinas (Delgado et al., 1997; Ruiz et al., 
2001; Pergent-Martini et al., 2006; Homer et al., 2008). Por lo tanto, la búsqueda de indicadores 
tempranos (early-warnig) que permitan determinar la influencia de los vertidos antes de que 
estos produzcan efectos irreversibles en las plantas revierte especial importancia en la 
monitorización de estos ecosistemas. En este sentido, este trabajo demuestra que determinadas 
variables fisiológicas muestran respuestas en las praderas expuestas a los vertidos con respecto a 
las praderas control. Entre las variables fisiológicas que mejor respuesta obtuvieron se 
encuentran el contenido total de N y δ15N en epífitos, el contenido total de P tanto en epífitos 
como en rizomas, el contenido total de TNC y la concentración de FAA en rizomas así como la 
composición específica de FAA tanto en rizomas como en raíces. Por lo tanto, estas variables 
fisiológicas se proponen para su uso como herramientas de gestión para monitorizar y poder 
detectar una degradación ambiental en las praderas cercanas a instalaciones de acuicultura.  
Una de las ventajas del uso de indicadores basados en la fisiología de la planta con 
respecto a otras herramientas que se usan rutinariamente en la monitorización de estos 
ecosistemas (e.g. seguimiento de variables demográficas) es que pueden responder con rapidez 
ante cambios en los aportes de nutrientes. Como desventaja podríamos señalar la posible 
interferencia de otros factores, como el grado de anoxia del sedimento (Pérez et al., 2007), en la 
respuesta de alguna de las variables fisiológicas citadas, debido la compleja regulación del 
metabolismo en las angiospermas marinas (Touchette y Burkholder, 2000).  
Otro aspecto importante a tener en cuenta para poder compatibilizar el desarrollo de la 
acuicultura en granjas off-shore y la conservación de los ecosistemas de fanerógamas marinas es 
la denominada “distancia de seguridad” a ecosistemas sensibles, es decir la distancia que debe 
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mediar entre la instalación marina y el inicio de la pradera para asegurar que no se producirá 
ningún impacto negativo sobre la misma. Estudios recientes que usan nuevas técnicas de 
muestreo para monitorizar estos ecosistemas (Holmer et al., 2008) recomiendan una distancia de 
seguridad entre las granjas y el inicio de la pradera de 400 m que es dos veces mayor a la 
distancia de 200 m sugerida por Pergent-Martini et al., (2006) en una revisión de datos 
existentes usando indicadores menos sensibles, tanto abióticos (luz, sedimento, agua intersticial) 
como bióticos (densidad de la pradera, lepidocronología, producción primaria, etc.). En nuestro 
estudio, se obtuvieron distancias de seguridad mayores a las mencionadas mediante el uso del 
δ15N como indicador de la dispersión de N disuelto derivado de vertidos de acuicultura. Con 
este método, el nitrógeno procedente de las granjas marinas se detectó a distancias que van 
desde los 200 m (caso de la granja de Cataluña)  hasta más de 2000 m (en el caso del complejo 
de granjas de la zona de Murcia).  Sin embargo, hay que tener en cuenta que este indicador 
informa sobre si las praderas se encuentran bajo la influencia del vertido pero no sobre si este 
vertido está produciendo impactos negativos en la pradera. Nuestros resultados también 
demostraron que el análisis de  δ15N es más sensible que el contenido total de N (usado más 
habitualmente) a la hora de detectar si el nitrógeno derivado de las granjas marinas está llegando 
a las praderas cercanas a las instalaciones lo que permite ampliar las distancias de seguridad 
antes mencionadas y poder delimitar el radio de influencia de los vertidos antes de que se 
produzcan efectos negativos  significativos en las praderas. 
Por último cabe destacar que los resultados obtenidos en estos estudios apuntan a los 
rizomas (principal órgano de almacenaje) y los epífitos (más efectivos a la hora de captar 
nutrientes que la planta y con procesos fisiológicos más simples) como los compartimentos más 
sensibles a cambios asociados con la entrada de nutrientes procedentes de granjas marinas. En 
cambio, los tejidos fotosintéticos no respondieron tan bien como cabía esperar a pesar de que 
varios autores han constatado que estos órganos responden positivamente al enriquecimiento en 
N (Touchette et al., 2003; Invers et al., 2004; Leoni et al., 2007) y de que es el compartimento 
más ampliamente utilizado en estudios de enriquecimiento de nutrientes.  
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Bioensayos con macroalgas como indicadores de la dispersión del N procedente de 
granjas marinas. 
Las granjas marinas constituyen importantes focos de liberación de residuos en el medio 
circundante. Dichos residuos son tanto particulados (restos de alimento no ingerido, heces, 
organismos muertos) como disueltos (nutrientes orgánicos e inorgánicos). Los residuos 
particulados se depositan en el sedimento pudiendo alterar sus condiciones fisicoquímicas y la 
macrofauna asociada al mismo (Karakassis et al., 2000). Estos  residuos y sus impactos 
asociados se detectan en un radio generalmente no superior a 30-100 m de la granja marina, 
aunque esta distancia varía principalmente en función de la profundidad del fondo, el 
hidrodinamismo y el tipo de sedimento (Brooks y Manhken, 2003; Kalantzi y Karakassis, 
2006). Por otro lado, el destino de los residuos disueltos es más difícil de detectar que el de los 
residuos particulados ya que el material disuelto se dispersa en la columna de agua haciendo 
difícil su identificación. Además, en mares oligotróficos como el Mediterráneo, los aportes de 
nutrientes procedentes de las granjas marinas pueden unirse con los procedentes de otras fuentes 
(ríos, aguas residuales, etc.) sumando sus efectos y haciendo aun más complicada su 
identificación.  
Conocer el destino y efectos de los residuos disueltos en la columna de agua es esencial 
para poder tomar medidas adecuadas orientadas a una gestión sostenible de las granjas marinas. 
En este sentido, una de las principales aportaciones de esta tesis ha sido el desarrollo y 
evaluación de un método para detectar el alcance espacial del nitrógeno disuelto en la columna 
de agua procedente de vertidos marinos de la acuicultura en aguas costeras basado en el análisis 
de la señal isotópica del N (δ15N) en bioensayos con macroalgas. Este método solventa las 
carencias que existen a la hora de detectar nutrientes derivados de las instalaciones de 
acuicultura en la columna de agua, ya que a pesar de la cantidad, relativamente elevada de 
nutrientes liberados al medio marino por las granjas marinas, la mayoría de los estudios 
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realizados con métodos tradicionales no detectan un aumento significativo de las 
concentraciones de nutrientes en el agua cerca de las jaulas (La Rosa et al., 2002; Soto y 
Norambuena, 2004; Pitta et al., 1999, 2006; Sara, 2007). Además dado que en muchos casos, la 
vegetación bentónica no está presente en las proximidades de las jaulas de cultivo y que por lo 
tanto no puede utilizarse como bioindicador en todos los casos, el uso de bioensayos aparece 
como una alternativa viable para solventar las carencias que existen a la hora de detectar el 
destino de los nutrientes derivados de granjas de acuicultura en la columna de agua.  
Los bioensayos desarrollados en este estudio, consistentes en incubar fragmentos de 
macrófitos a diferentes distancias de las jaulas y analizar el δ15N de los mismos, han permitido 
constatar que  la distancia de detección del vertido obtenida en las tres granjas marinas 
estudiadas fue diferente en función de diversos factores tales como el tamaño de la granja, la 
gestión de la misma, la especie cultivada, la producción del cultivo y la hidrografía y batimetría 
de la zona, pero, en general, fue superior a las distancias obtenidas en granjas con características 
similares aplicando otros métodos de detección menos sensibles (Pergent et al., 2006; Sarà 
2007). En la granja de las Islas Canarias la distancia de detección del vertido fue de 450-700 m. 
En la zona de Murcia fue mayor (1550-2450 m) debido al elevado volumen de producción, no 
solamente de la granja de atunes estudiada, sino del conjunto de granjas marinas situadas en el 
complejo de San Pedro del Pinatar. Este resultado pone en evidencia el potencial de este método 
como herramienta de gestión fiable y eficaz para determinar la influencia real de complejos 
acuícolas que ocupan grandes extensiones y cuya influencia sobre el medio no puede ser 
evaluada a partir de la suma de vertidos individuales. Por último, la distancia de influencia del 
vertido en Cataluña fue como máximo de 120 m siendo esta distancia menor que la esperada en 
función de la producción de la granja probablemente debido a la influencia de otras fuentes de 
nitrógeno que podrían derivar de los aportes procedentes de la desembocadura del río Ebro. 
Estos aportes tienen una señal elevada de δ15N, lo que hace que la señal del medio también sea 
elevada y que los bioensayos con macroalgas no sean tan sensibles a la hora de detectar 
nitrógeno procedente de las granjas.  
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Aplicación de los bioensayos a la gestión sostenible de la acuicultura marina en 
jaulas. 
La aplicación del método de bioensayos puede contribuir a mejorar la gestión de las granjas 
marinas aumentando con ello la sostenibilidad de esta industria en expansión.  Uno de los 
requisitos principales para una práctica sostenible de la acuicultura consiste en disponer de 
criterios para poder seleccionar las zonas más adecuadas para el desarrollo de esta actividad. 
Cualquier plan de zonificación en acuicultura debe incluir una delimitación espacial lo más 
precisa posible del vertido procedente de las instalaciones de acuicultura. Para ello, las 
metodologías utilizadas (SIG, modelos dinámicos, imágenes de satélite, etc.) se pueden 
complementar con la información aportada por la aplicación del método de bioensayos dado que 
este método estima el radio de influencia de los vertidos procedentes de granjas marinas con 
gran precisión y  proporciona distancias de seguridad mayores que las obtenidas con otras 
técnicas.  
También, el uso de bioensayos se puede combinar con nuevos modelos que se están 
desarrollando para evaluar el impacto de las granjas marinas en el bentos tales como el modelo 
DEPOMOD validado para el salmón en Escocia (Cromey et al., 2002) y el modelo MERAMOD 
utilizado para la dorada y la lubina en el Mediterráneo (Cromey  et al., 2004). Estos modelos 
predicen los efectos en las comunidades bentónicas en respuesta a modelos de deposición de 
sólidos procedentes de granjas marinas y han incorporado recientemente la resuspensión de 
sedimentos como un factor relevante a la hora de entender la dinámica de los vertidos (Dudley 
et al., 2000). La aplicación del método de los bioensayos puede ayudar a detectar los procesos 
de resuspensión de sedimentos de manera eficaz por lo que la combinación de ambos métodos 
podría resultar efectiva para obtener información de los efectos de los vertidos tanto en el bentos 
como en la columna de agua.  
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Otro de los aspectos principales para aumentar la sostenibilidad de las actividades 
acuícolas consiste en reducir la carga de nutrientes de sus efluentes a través de una apropiada 
gestión de las granjas marinas. Como el mayor aporte de materia orgánica y de nutrientes al 
medio proviene de los procesos de alimentación y metabolismo de los peces, la composición y 
calidad de las dietas y las prácticas de alimentación son aspectos claves a la hora de gestionar 
mejor los residuos de una granja marina. Estudios recientes recomiendan mejorar la 
composición de las dietas eliminado ingredientes de digestibilidad baja (tales como cereales 
integrales o subproductos a base de cereales usados como ligandos) e incorporando ingredientes 
de digestibilidad alta con buenas propiedades para ligar los componentes del pienso (Schneider 
et al., 2004). Además se ha propuesto sustituir aceites y componentes animales en la dieta por 
componentes vegetales tales como la soja o el maíz (Bell y Waagbø 2008). Con la aplicación de 
este tipo de medidas (entre otras) se puede reducir la food conversion rate y minimizar el 
vertido de materia orgánica en el medio. Por otra parte, se pueden mejorar las prácticas de 
alimentación mediante sistemas automatizados de suministro de piensos que repartan lo más 
homogéneamente posible el alimento en el sistema de cultivo además de fomentar que se 
mantengan unas condiciones adecuadas de almacenamiento de las dietas para asegurar la 
calidad nutricional y palatabilidad del alimento. Estas medidas también consiguen reducir la 
carga de nutrientes que se liberan al medio de manera significativa. En este sentido, la 
monitorización de los residuos de las granjas marinas mediante el método de los bioensayos y 
del análisis de las señal δ15N en las algas incubadas aportaría información relevante sobre la 
efectividad de las medidas de gestión relacionadas con cambios en la composición de las dietas 
y cambios en las estrategias de alimentación destinadas a reducir la carga de nutrientes en el 
medio. 
Otras prácticas recomendadas para una gestión sostenible de las granjas marinas que 
minimizan o reducen el impacto de los efluentes de las mismas son los sistemas biológicos que 
actúan como filtros (biofiltros) de la materia orgánica y nutrientes (Midlen y Redding, 1998) o 
los sistemas integrados de cultivo (policultivos) basados en la cría conjunta de más de una 
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especie en los que los residuos de una especie se utilizan como fuente de alimento para otras 
especies, aprovechando y revalorizando la materia orgánica, reduciendo el volumen total de 
residuos de la instalación y aumentando la producción total de biomasa (Neori et al., 2004; 
Schneider et al., 2005). Diferentes estrategias basadas en este tipo de enfoques se han utilizado 
durante muchos años en Asia, incluyendo China y se están desarrollando en numerosos países 
en la actualidad (Alongi et al., 2000). Sin embargo, la aplicación de este tipo de prácticas en 
granjas marinas off-shore resulta difícil aunque actualmente se están realizando estudios para 
poder aplicar estos modelos a estos tipos de granjas. Por ejemplo, algunos autores (Angel y 
Spanier, 2002) han recomendado la construcción de estructuras físicas en los alrededores de las 
granjas marinas para promover la aparición de comunidades vegetales y de animales filtradores 
que retengan y utilicen la materia orgánica para su supervivencia. Otros autores (Lupatsch et al., 
2003) han sugerido el cultivo de peces demersales para eliminar parte de la materia orgánica 
acumulada en el sedimento. En todos estos casos, el seguimiento del destino de los nutrientes y 
la eficacia en la captación de los mismos tanto en sistemas de biofiltros como en policultivos 
puede realizarse mediante el método del análisis de la señal isotópica del N, pudiendo resultar 
efectivo para comprobar si realmente esos cultivos minimizan los vertidos o para darnos una 
idea de la eficiencia en la transferencia de N de un cultivo a otro ya que, como se ha visto en 
esta tesis, la señal isotópica del nitrógeno es un buen indicador del nitrógeno proveniente de las 
granjas.  
El desarrollo de indicadores tales como los que hemos presentado a lo largo de esta tesis 
resulta especialmente importante debido a que la mayor parte de la acuicultura en jaulas tiene 
lugar en el medio ambiente costero, ya de por si frágil y sometido a una gran presión, por lo que 
existe una necesidad cada vez mayor de dar un empuje a la sostenibilidad medioambiental de 
este subsector de la industria acuícola para hacer que esta actividad sea compatible con la 
conservación de los sistemas costeros marinos dado que estos sustentan una compleja 
interacción de ecosistemas distintos, con una enorme biodiversidad, y se encuentran entre los 
más productivos del mundo. Sin embargo, cualquier mejora en la gestión de los vertidos 
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procedentes de las instalaciones de acuicultura debería de ir acompañada de cambios en las 
políticas de gestión de los recursos tales como la reducción de la piscicultura de peces de alto 
nivel trófico (Stergiou et al., 2009) ya que este tipo de acuicultura implica que se ejerza una 
importante presión pesquera sobre los peces pelágicos pequeños para hacer piensos y como no 
está previsto que las existencias de pequeños pelágicos aumenten en el futuro, la expansión de la 
acuicultura quedaría limitada, cuando menos si concebimos la acuicultura como la cría de peces 
carnívoros, que es como la entendemos generalmente en los países occidentales.  
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Conclusiones  
 
A continuación  se recogen las principales conclusiones derivadas de esta tesis y que ya han sido 
comentadas en cada capítulo de manera independiente. 
1. La exposición a vertidos procedentes de granjas marinas influye en determinadas variables 
fisiológicas (% N, δ15N, % P, TNC y FAA) la de la fanerógama marina P. oceanica y sus 
epífitos por lo que se recomiendan dichas variables como indicadoras del impacto de 
granjas marinas en estos ecosistemas. 
2. El análisis de δ15N en fanerógamas marinas refleja mejor el régimen externo de nutrientes 
que el contenido total de N y pone de manifiesto la influencia remota de los vertidos de 
granjas marinas sobre las praderas de fanerógamas estudiadas ampliando las distancias de 
seguridad recomendadas en estudios anteriores a un rango entre 200 y 2000 m dependiendo 
del tamaño de la instalación.   
3. El δ15N medido en macroalgas incubadas en bioensayos muestra un claro y significativo 
incremento respecto a los valores control a medida que la distancia entre los bioensayos y 
las jaulas de peces disminuye, demostrando el potencial y eficacia del método de 
bioensayos con macroalgas para identificar gradientes de nutrientes y caracterizar de forma 
eficiente el alcance y la dirección de los vertidos procedentes de las diferentes granjas 
estudiadas. Los resultados obtenidos en la evaluación del método de bioensayos indican 
que: 
a.  La intensidad de la señal isotópica es especie-específica, dependiendo de la 
afinidad de los macrófitos por asimilar nutrientes externos.  
b. La intensidad de la señal es más evidente en la capa superficial (-5 m) que en la 
profunda (-20 m), probablemente debido a una combinación de factores relativos al 
funcionamiento del cultivo (alimentación en superficie) y oceanográficos 
(formación de termoclina), que redujeron el alcance de los aportes orgánicos a las 
capas profundas en la época de estudio (verano).  
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c. Un tiempo de incubación de 4-6 días es suficiente para obtener una buena 
caracterización de los gradientes espaciales de los aportes orgánicos procedentes de 
los cultivos.  
4. Las distancias máximas de detección de vertidos procedentes de granjas marinas utilizando 
el método de bioensayos fueron de entre 200 y 2000 m dependiendo del sitio de estudio y 
de las características de las granjas marinas. Estas distancias de detección fueron mayores 
en una dirección que en otra dependiendo de la dirección de los vientos dominantes en el 
momento de la experiencia poniendo en evidencia el carácter anisotrópico de la dispersión 
de los vertidos acuícolas. 
5. El uso de bioensayos para monitorizar nutrientes procedentes de granjas marinas se ve 
apoyado por los resultados obtenidos en los experimentos de laboratorio realizados en los 
que Cystoseira mediterranea incrementa su señal al estar expuesta a piensos de peces y en 
los que no existe fraccionamiento dependiente de la concentración o del cociente isotópico. 
La variabilidad en el fraccionamiento entre el  14N y 15N encontrada en C. mediterranea en 
función de los niveles de luz durante su incubación apunta a la necesidad de tomar en 
cuenta este factor en el diseño de evaluaciones del impacto que usen el δ15N como trazador 
del flujo de nitrógeno.  
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